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in a lecture =e=sion. The lectures would be concerned with the 
nriucipies of instrumentation, whereas the laboratory periods would 
afford the student an opportunity to use some of he devices dis- 
cussed in this text. The particular experiments, or the instruments 

in the laboratory periods, will depend on the facilities avail- 
able A mathematical background through ordinary differential 
equations is assumed. Basic courses in thermodynamics, engineer- 
ing mechanics, and electric-circuit theory should precede a course 

based on this text. •. 

Wliatever the course arrangement for which this text is applied, 
it is strongly recommended that the problems at the end of each 
chapter receive careful attention. These problems force the stu- 
dent to examine several instruments in order to determine their 
accuracy and the uncertainties which might result . from faulty 
measurement techniques. In many m.^'tances the problems are 
very similar to numerical example.' in t’t'.e text. Other problems 
require the student to extend the text material through derivations, 
design of experiments, etc. The selei ti..)n of problems for a typical 
course will depend, naturally, on the types of experiments and labo- 
ratory facilities available for use wrh 'he course. 

A few remarks concerning the a.-,'-ngement of the text material 
are in order. A brief presentation o'' at! topics was desired, so that 
a rather broad range of experiment,',! i.nslhods could be discussed 
within the framework of a book suitable in length for a one-semester 
course. Chapters 1 and 2 provide -.be .r.itial motivational remarks 
and some brief definitions of impurtaiil terms common to all meas- 
urement systems. Next, a simpbe presentation of some of the 
principles of statistical data analysis i.t given in Chap. 3. Some of 
the concepts in Chap. 3 are used in alniosrt every subsequent chapter 
in the book, particularly the concept ot experimental uncertainty. 

Chapter 4 discusses several simple electrical-measurement cir- 
cuits and the principles of operation of typical electric transducers. 
Many of these transducers are appheable to specific measurement 
problems described in later chapters. Chapters 5 and 6, concerning 
dimensional and pressure measurements, offer fairly conventional 
presentations of their subject matter, except that numerical exam- 
ples and problems are included to emphasize the importance of 
experimental uncertainty in the various devices. Flow measure- 
ment IS discussed in Chap. 7 in a rather conventional manner. A 
no a e eature of this chapter is the section on flow-visualization 
ec luques. Again, the examples and problems illustrate some of 
nim^ ''*^Mages and shortcomings of the various experimental tech- 

lYiPoc'!!™ specific in its discussion of temperature- 

men evices. Strong emphasis is placed on the errors 



which may arise from conduction, convection, and radiation heat 
transfer between the temperalure^ensing device and its thermal 
environment. Methods are pven to correct for these effects. 

Chapter 9 is brief but furnishes the reader with an insight into 
the problems associated with transport-property measurements. 
The material in tins chapter is dependent on the measurement 
techniques discussed in Chaps 6, 7, and 8 It may be noted that 
the material in Chap 9 could be dispersed through the three pre%i- 
ous chapters and still achieve a balanced presentation, however, it 
was believed beat to bring transport properties and thermal measure- 
ments into sharper focus by grouping them together in one chapter 

Static force, torque, and strain measurements are discussed m 
Chap. 10. The strain measurements arc related to some elementary 
principles of experimental stress analysis, and the operation of the 
electrical-resistance strain gage is emphasized 

Some of the elementary principles of motion- and vibration- 
measurement devices arc discussed in Chap. II Included in this 
presentation is a discussion of sound waves and sound-pressure level 
The inclusion of the acoustics material in Chap 11 is somewhat arbi- 
trary since this material would be equally pertinent in Chop G 

Chapter 12 discusses thermal and nuclear radiation measure- 
ments These measurements are finding increasingly wide apph- 
cation m a number of industries The presentation is brief; but 
some of the more important detection techniques arc examined, and 
examples are given to illustrate the important pnnciples \ short 
presentation of the aiatistus of counting illustrates the importance 
of background activity in nuclear radiation detection The thermal 
radiation measurements arc properly related to the material in 
Chap. 8. Chapter 13 gives a short, nonanalytical discussion of 
some typical industrial control arrangements The discusnon is a 
cursory one, but it serves to illustrate the unportanl role of primary 
measurements m a control scheme and to familiarize the reader w ilh 
some of the terminolog>* of control systems 

Electronic data-acquisition and processing systems are being 
developed at a very rapid rate, so rapid in fact that the presentation 
in Chap. 1 4 had to lie given in a very general manner A discussion 
of specific systems would be outdated in short order Nevertheless, 
it is believed that this brief disiussion will alert the reader to the 
Importance of data-arquj.«ilion systems in modern CTpcnmenlal 
programs 

The author is particularly grateful to Professor S J Ivlinc of 
Stanford University for reading the complete manuscript and mak- 
ing many helpful suggestions Grateful acknowledgement w also 
extended to Dr C A Albritton and the Science Information Insti- 
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chapter 1 


Introduction 


There is no such thing as an easy experiment, nor » there any sub- 
stitute for careful experimentation in many areas of basic research 
and applied product de\clopincnt Because expcnmentslion is so 
important in all phases of cnginecnng, there is a very definite need 
for the engineer to be familiar with methods of measurement as well 
as analysis techniques for interpreting experimental data 

Experimental techniques have changed quite rapnll} with the 
development of elcitromc devices for sensing pnmar>' ph>«iral 
parametersandforcontrollingprocesssanahlc* lnnian> instances 
more precision is now- possible m the measurement of ba<ii physical 
quantities through the use of the<< new devices Further develop- 
ment in instrumentation techniques is certain to be \cr> rapid 
because of the increasing demand for measurement and control of 
physical variables in a wide variety of applications To meet this 
demand the engineer must be familiar with the basic principles of 
instrumentation and the ideas which govern instrumentation dciTl- 
opment and usage 

Obsnously, a sound knowledge of many engineering pnnciples is 
necessary to perform successful experiments; it is for this reason that 
experimentation is so difficult To design the expenment the 
engineer must be able to specify the phy'icsl variables which he 
needs to investigate and the rote they wnll play m later analytical 
work. Then, to design or procure the instrumentation for the 
experiment he must have a knowledge of the governing pnnciples of 
a broad range of instruments Finally*, to analyze his data the 
experimental engineer must have a combination of keen insight into 
the physical principles of the procc5«es he is invesfigaling and a 
knowledge of the limitations of his data 

Research involves a combination of analytical and experimental 
work. The theoretician strives to explain or predict the results of 
experiments on the basis of analytical modclswhicharein accordance 






error with wir little ansl.rtifal work as » prfliniinsrj- to the ex-vr* 
iner.tation. There are Jcme elder areas of enKinferjrj; wUre thi« 
teehiuque will still prex-ail. primarily where years of esiy'rieoee hare 
built up a background knowJedpc to rely upon Hm. in new flddv 
more emphasis must be placed on a combination of thcorx- anvl 
experimentation To create a rather absurd rxampi,. xre mipM rile 
the derelopment of a rocket engine. It would he possible to ImiM 
different ares of rockets and test them until a lucky combinalion of 
design parameters was found, howc\-er. the cost «ou’ld le prehibiltt c, 
The proper approach is one of test and ihiVircfifaJ study where 
experimental data are constantly evaluated nnd rompnivd with 
theoretical estimates New theories are formulated on the lm<i« of 
the experimental measurements, and these theories help to guido 
further tests and the final design 

The engineer should know what he is lookini; for before l>fgtii- 
mng his experiments The objcctix'cof theetpenmenta will <|ictnle 
the accuracy required, expense justified, and level of humnn effort 
jiccessarj* A fiimple calibration check of a irterrury-Jii'gJa'S 
thermometer would be a relatively simple matter requiring a limited 
amount of equipment and timc.honevcr, the accurate mcMureinciii 
of the temperature of a high-speed gai atrcani at 3ff00*r would 
involve more thought and care A test of an amplifier for a borne 
music eyatem might be less exacting than a test of an amplifier to he 
used as part of the electronic equipment m a aatrlhtc, and m on 
The engineer is not only interested i» the incasuromciit of 
physical variables but is also concerned with their control The two 
functions are closely related, however, because oiic iniisl W able to 
measure a variable such as teniperaf urc or flow in order to control it 
The accuracy of control is necessarily dependent on the accuracy of 
measurement Ilcnce, we see that a good knowjpdgc of measure- 
ment techniques is necessary for the design of control systems A 
detailed consideration of conirof systems is beyond the scope of our 
discussion, but the applicability of specific instruments and scu'ing 
devices to control systems wiH be indicated from lime to lime 

It is not enough for the engineer to be able to skillfully im a»ure 
certain physical variables For the data to have maximum ng- 
nificance he must be able to spenfy the preci«c degree of Bfn]r3'“y 
with which he has measured a certain variable To speedy this 
accuracy the limitations of the apparatus must W under'too'l and 
full account must be taken of certain random and/or regular errors 
which may occur in the expenmental data StatJ*lirsl tecfiniqu*** 
are available for analyrmg data to determine expMted error* and 
deviations from the true measurements. The eopnw mu.'t 
familiar with these techniques in order to analyze his data effect iv e y 
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All too frequently the engineer embarks bn an experimental 
program in a stumbling blind-faith manner. Data are collected at 
random, many of which are not needed for later analysis. Certain 
ranges of operation are not investigated thoroughly enough, result- 
ing in the collection of data which may have limited correlative 
value. The engineer must be sure to take enough data, but he 
should not waste time and money by taking loo many. The obvio\is 
point is that experiments should be carefully planned. Most 
experimentalists do indeed plan tests in respect to the range of 
certain variables that they will want to investigate. But thej^ often 
neglect the fact that in certain ranges of operation more data points 
may be necessary than in others in order to ensure the same degree of 
accuracy in the final data evaluation. In other words, the antic- 
ipated methods of data analysis, statistical or otherwise, should be 
taken into account in planning the experiment, just as one would 
take into account cerimn variables in designing the physical size of 
the experimental appara'iH. The engineer should always ask the 
question; How many data do I need to ensure that my data are not 
just the result of luck'.' Wo will have more to say about experiment 
planning througho\it ilic book, and the render should consider these 
opening remark:- as only the initial motivation. 

A few remarks concerning experimental research are in order at 
this point. It is very difficult to describe the atmosphere and 
technique of performing research. For, unlike standard performance 
testing where experiments arc conducted according to .some well- 
established procedure, in research there is seldom a clear-cut way of 
proceeding. Each problem is a diffcroiU one, and if the research is 
worthwhile, it has not been attacked extensively before. This means 
that the engineer engaged in research must be prepared to face 
numerous experimental difficulties of varying complexities. Some 
desirable objectives of the research may have to be relaxed because 
of the unavailability of instrumentation to measure the variables 
involved. .Many seemingly trivial details become significant prob- 
lems before a new experimental apparatus is functioning properly. 
One of the most basic problems is that the engineer seldom gets to 
measure in a direct manner the variable he really Avants. There are 
always corrections to apply to the measurements, and seldom do 
they fall in the category of "standard” corrections. One trivial 
detail piles on another until the whole experimental problem takes 
on a complexity which is usually not anticipated at the start of the 
research. Again we state the truism; there is no such thing as an 
easy c.xpcrimcnt. 

1 he ncoph 3 'tc cxporimentalist frequently assumes that a certain 
experiment will be ca.sy to perform. All he need do is hook up the 
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apparatus, flip the snitch, and out will come reams of «iCTificant 
data which will startle his collcafpics (or supenHsor). He does not 
realize that one simple instrument may not work, and thus spoil the 
experiment. Once this instrument is functioning properly, another 
may go bad, and so on. ^Vhen the apparatus is functioning, the 
neophyte is then tempted to take data at random snfhouf giWng 
much consideration to the results that he sril! want to denve from 
the data. He tries to solve all problems at once, s-ary many param- 
eters at the same time, so that liHle control is exerted on the data, 
and it eventually becomes necessary to go b.aek and do some of the 
sfork over The important point, once again, is that careful plan- 
ning is called for. In experimental research great care and patience 
will usually produce the best results in the pos.e:blo way 

AU the above remarks may appear discouraging to the beginner 
for whom this book is written On the contrary, they are miended 
to adsnse the beginner so that he can avoid some of the more obsaous 
pitfalls And. even more imporl.ant, they are intended to let the 
beginner know that some troubles arc to be expech'd and that 
perseverance in the face of the«e troubles combined vuth intelligent 
planning snll almost always lead to the desired rc'ult.s--accurnte 
and meaningful data 

The objective of the presentation in tins book is to imp.art a 
broad knowledge of experimental methods and measurernent tech- 
niques. To accomplish this objective a rather largo number of 
instruments will be discussed from the standpoint of l>oth theory of 
operation and specific functional charactcnstics Emph;isi<t will lie 
placed on analytical calculations to familiarize the reader with 
important points in the thporclital developiucnl ns well iii in the 
descriptive information pertaining to operating characteristics 
As a further means of emphasizing the discussions, the muertaiiilic.s 
which may arise in the ^a^ou■* instruments are gl^en pariirular 
attention 

The study of experimental melhods is a necessary extension of 
all analytical subjects A koov'holge of the methods of wrifying 
analytical work injects new life and vitality into the thcorie*, and a 
clear understanding of the difficulties of expeninenlnl mcasurcmtnt,a 
creates a careful attitude m the theoretician which cannot be gen- 
erated in any other way. 
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Basic concepts 


2-1 INTRODUCTION 

In this chapter we seek to etplam some of the terminoJoRj- uw-d in 
experimental methods and to show the generalized arranK''ro'nt of 
an experimental Q'stem Uc shall aI«o discuss bnefly th'’itanclard! 
which are available and the importance of calibration m any CTpcn« 
mental measurement A major portion of the di«coM:on on rxp^ ri- 
mental errors is deferred until Chap •1. and only the definition of 
certain terms is given here 


2-2 DEFINITION OF TERMS 

U'e are frequently concerned with the reoHaMU’j of an in«trufnent 
This term indicates the closer, r«- with which the •calc of the in.**nj* 
Dicnt may be read, an mstruii' 'it with a 13-in scale wouM hai e a 
higher readability than an jn-'inimcni with a (>*jn scale anil tl-e 
same range. The Uc^t covnl i* 'he s.'nallc*t differenee between two 
indications that can be detceird on the ia*tnimenl sea.'e lioth 
iradabihty and least count arr dej-^r-d'^rit on s^afe length, spanrr of 
graduations, sjzeof pointer (or pen if a reeonler i« ti»ed/, ar.'J ps*»i.ax 
effects. 

The imritfii'y of an inMnin ent l» the ratio of the linear more- 
ment of the pointer on the»n«*ruirert tn theeha'"?" m th- 
variable cs'i'inz thi.« motion For examp'e a I-f i* ree/irn*^ r . z •• 
have a 10-in. feafe le.ngth. If wo-jM ty fO in/rv 

assuming that the rre.'inmnenl wi* Ln-ar ail aer^o^ t .*• f'a-e ^ 

An inctni.T^^nt i* sa d toexfjb-t wh-m l?^ i* » ^ 

ferenee m readirr* dep^ndingon whe»f.ef the ra! .e of t--* - > 

quantity is approached from above or Ifyr*'’’^* • 
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the result of mechanical friction, magnetic effects, elastic deforma- 
tion, or thermal effects. 

The accvracy of an instmment indicates the delation of the 
reading from a known input. Accuracy is usuallj* expressed as a 
percentage of full-scale reading so that a 100-psi pressure gage hardng 
an accuracy of 1 percent would be accurate within ±1 psi over the 
entire range of the gage. 

The -precision of an instrument indicates its ability to reproduce 
a certain reading with a given accuracy. As an example of the 
di.stinction between precision and accuracy, consider the measure- 
ment of a known voltage of 100 volts with' a certain meter. Five 
readings are taken, and the indicated values are 104, 103, 105, 103, 
and 105 volts. From these values it is seen that the instrument 
could not be depended on for an accuracy of better than 5 percent 
(5 volts), while a precision of + 1 percent is indicated, since the 
maximum deviation from the mean reading of 104 volts is only 1 
volt. It may be noted that the instrument could he calibrated so 
that it could be used to dependablj' measure voltages within ±1 
volt. This simple example illustrates an important point. Accu- 
racy can be impror-ed up to but not beyond the precision of the 
instrument by calibration. The precision of an instrument is 
usually subject to many complicated factors and requires special 
techniques of analysis, which ■will be discussed in Chap. 3. 


2-3 CALIBRATION 

The calibration of all instruments is important, for it affords the 
opportunity to check the instrument against a known standard and 
subsequentlj' to reduce errors in accuracy. Calibration procedures 
involve a comparison of the particular instrument with either (1) a 
primarj' standard, (2) a secondary standard ndth a higher accuracy 
than the instrument to be calibrated, or (3) a known input source. 
For example, a flowmeter might be calibrated by (1) comparing it 
■nith a standard flow-measurement facility of the National Bureau 
of Standards, (2) comparing it ■with another flowmeter of known 
accuracy, or (3) direct calibration with a primary measurement 
such as weighing a certain amount of water in a tank and recording 
the time elapsed for this quantity to flow through the meter. In 
item (2), the key words are "known accuracy.” The meaning here 
is that (he accuracy of the meter must be specified by a reputable 
source. 

The importance of calibration cannot be overemphasized 
because it is calibration which firml 3 ' establishes the accuracj' of the 


8 
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instruments. Rather than accept the reading of an instrument, it is 
usually beat to make at least a simple calibration check to be sure 
of the validity of the measurements. Xot even manufsrturers’ 
specifications or calibrations can always be taken at face value 
Most ioslrumenl manufaclurera arc reliable; some, ala*, arc not. 
We shall be able to give more information on calibration methods 
throughout the l)Ook as various instruments and their accuracies 
are discussed 


2-4 STANDARDS 

In order that investigators m different parts of the country and dif- 
ferent parts of the world may compare the results of ihcir etper- 
imcnts on a consistent ba.«i«. it is necessary to establish certain 
standard units of length, weight, time, temperature, and electrical 
quantities The National Bureau of Standards hs« the pnmBr>' 
responsibility for maintaining the«e standards in the United Slates 

The meter and (he kilogram are considered fundamental units 
upon which, through appropriate conversion factor®, the nngli«h 
system of length and mas® i® b.a'cd The standard meter i® defined 
as (ho length of a platmum.indiuin bar maintained at very accurute 
conditions at the International Bureau of Weights and Measures in 
Sevres, France Similarly, (he kilogram is defined in terms of a 
platinum-iridium ma.ss maintained at this same bureau The con- 
version factors hr the Engl»«h and metnr systems in the United 
States are fixed by law a.s 

1 meter ®» 39.37 inches 
1 pound mass = 453.592(277 grams 

Secondary standards of length and mass are mamtaincil at the 
National Bureau of Slandurd- for calibration purposes In I'JCO 
the General Conference on eights and Aleasurea defined the 
standard meter in terms of the wavelength of tbc orange-red light of 
a kryp(on-8G lamp The standard meter is thus 

1 meter «= 1,650,703.73 wavelengths 
The inch rs exactly defined as 
1 inch = 2 .54 centimeters 

Standard units of time ore establi«hed In terms of known fre- 
quencies of osciffation of Certain devices. Oneof the simplest device® 
is a pendulum A torsional vibrational system in.vy also l>e used a* a 
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Etsndard of fr^qo^rioy. The iorr.ons.1 jr/etein k rndely used in 
cjochs and -s-alehes. Ordinary OO-eycle line voltage may be us^jd as 
a frequency atsadard under certain eircurnetarjcee. An eleetrie 
cloeh uses this frequency as a standard because it operates from s 
Evnchronous electric motor vhone .speed depends on line frequency. 
A tuning forh is a rritable frefjue.cr.' source, as are piezoelectric 
cuystals. Electronic oscillators may also l/c des’grjed to serve as 

The fundamental unit of time, the S'Ccond, k defined as 1/80,400 
of a mean solar day. The solar day k meas'jred as the time iriterrai 
bet— een t— o .rjccessive ira.csits of the .“jn acTo.ss a meridian of the 
earth. Tiie time intsnrval var.es vjtli location on the dearth and time 
of year; ho— ever, ti-f; msen >clc* dey for o.ne year is constant. The 
.solar year is the time required f’.-r the earth to mahe one res'olution 
arouTid the su.u. Tlic mean -olar year is .8G.o days -o hr 48 min 


4-3 sec. 

Ver;.' precise frequer.-y and lime standards are broadcast by 
the National Bureau of -•••..edards’ radio station, Vi'WV. Thk 
station furnishes ‘•-'a.cda.-.-j -.me inUn-rals, time signals, .standard 
mu-sicai pitch, '^acuard rauho frequencies, and radio-propagation 
for.-casts. The :-'urafy of the radio and audio frequencisjs as 
irarssmitt'^ 3=^ b- • tl.an 1 part in 100,000,000, and the time jnP;r.’al 
i.»; accurate to i par. :n 100,000,000 ± 1 psec. 

Htandard u.csts of electrical f;uantities are derivable frsem the 
mechanical ur.r.s of force, r.oaes, length, and time. These units 
represent the absolute electrical units and dsffer sliglitly from the 
inte.mationa] systsern of electrical units established in 1048, A 
detailed descueption of the international sys'em is given in Kefs, }1] 
and i2j. TOjC main advantage of this system :.s that it affords the 
eslabiif.nmetit of a standard the output of v.-hicb may be directly 
re;ated to t.ce absolute frlectrt'ai units. The conversion from the 


mterr.atmna. 


sys’em :s established by the follov.-ing relatioms; 


1 intematior.ai ohm = 1,00049 absolute ohms 
1 inte.matioi.a; volt = 1 .OOOriSO absolute volts 
1 intemat.cnai ampere = 0,998.>.o absolute ampere 


Lahorato.*y calibration ;» u'^jally made vvitb the aid of secondary' 
."tanuards rr'-n as s-*arjdard '-ells for voltage f/jurces and standard 
Tor.^.oT- as randards of comparison for measurement of 'dectrical 


i?-v4. It fo.mcs 
absolu’e s.'.-ale is 


temperature scale vas prop3.sed by Ivci.-d Kelvin in 
tr.e basis for tr.ennO'Jy.namic sial'.ulations. This 
so de.bned that particular meaning k given to the 
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Tsbifi 2-1 Primary points for tho International temperature scale of iMj 


Point eit tlandard pretture » ti 69S9 peta 


Temperature 


•F ! 

V I 

•A- 

Oxygen point Ttmperolure of eguitibnum htlieten oxygen 
and ds rapor 

-297 346 

-1S2 970 1 

90 19 

Jet point Temperature at tguilihnum htlueeniteondoir- 
toturaled troUr 

Suam point Temperature at tguitibrxum betieeen hguid 

32 0 

0 

273 16 

voter and tU eapor 

Sidjur point Temptraiurt at eguilibnutn belveen hguid 

' 2/2 0 

100 0 

373 16 

tulfur and lit eapor 

SiUer point Temperature of eguilibriuOiCetireentolid and 

S32 2S 

444 6 

717 76 

[ujuid fiber 

Gold point Temperature oj tguitihrium beliteen tohd and 

1761 4 

1 

D60 S 

1 

J233 95 

Ixguid gold 

1945 4 

I0fi3 0 

1336 16 


Table 2-2 Secondary fixed points for the International 
temperature scale of 1942 


Pmnf 


Te’^pt'Olvrf, *C 


Seviliinum Ulieftn $ehd tatt>«n dioxidt ontf iti rspo' 
Fretting metevry 

EguiUibnum betireeH tee, tcaler, onrf tit mper (MpU point) 
Fretting Itn 
Fretting eadoiium 
Ffttnng lead 

Eguilibrtuni ithreen memry and tu mpor 
Fretting tme 
Fretting anlimony 
Fretting aluminuin 

Fretting copper in a redyeing almoepbert 

Fretting niektl 

Fretting eebalt 

Fretting platinun 

Fretting rhodium 

Fretting in4«“"i 

hfeUing lungtien 


-rs 5 

-3S S7 

•fO otoo 
331 0 
320 9 
327 3 
356 5^ 
419 5 
K0 5 
CM I 
10S3 
HS3 

tv: 

I7C9 

woo 

SU1 


second law of thermodynamics 5»lien this temperature scale is used. 
The International Temperature Scale of 19-18 {6] furnishes an etper- 
imental basis for a temperature scale which approximates as 
as poaable the absolute thermodynamic temperature scale In the 
international scale, sit primary points are established as shown in 
Table 2-1. Secondary fixed points are also established as pven in 
Tshfe 2-2. In addition to Ihc lixtd points, piMiso ptwcdorss Ks 
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Table 2-3 Interpolation procedures for the international temperature 
scale of 1948 


Range definilion 

Temperature, °C 

Procedure 

Bettveen ice point and 
freezing point of anli- 
mony 

0-630.5 

Based on resistance of platinum resistance 
thermometer; 

R, = /fed + /ir -(- BTn 

Ri = resistance at temperature T, ohms 

Ro — resistance at O’C, ohms . 

A, B = constants determined from measured 

values of Rt at steam and sulfur points 
T = temperature 

Belmen oxygen and ice 
points 

-182.07-0 

j 

Based on resistance of platinum resistance 
thermometer: 

Rr = B«[l 4-^r + BTi + C(T - i00)T>] 
C •= a constant determined from resi.st- 
ance at the oxygen point 
.1, B, Re — same constants ns above 

Between Jreezing point of 
antimony and gold 
point 

G30 5- 1 003 0 j 

Standard thermocouple of platinum and 
platinum-10% rhodium: 

E a +bT +cT' 

B “ cmf at thermocouple when one junction 

1 is at CC and the other at temperature T 

T «= temperature in specified range 
j a, h c = constants determined from cmf data 
taken at antimony, silver, and gold 
j points 

Above gold point 

Above 10G3.0 

Temperature defined by: 

J, eCjA(r.,„+T,) 1 J 

c<^,'>‘(r+r,i _ 1 

/(, dse =« radiant energy emitted per unit time, 
per unit area, and per unit wavelength 
at wavelength K, at temperature 7’, and 
gold point temperature T ao respectively. 

C, <= 1.438 cm - “K 

Te = 273.1G'’K 

X ■= wavelength 


established for interpolating between these points. These interpola- 
tion procedures are given in Table 2-3. 

Eshbacb [3] gives a detailed discussion of various electrical and 
thermal units. The absolute thermodynamic temperature scale is 
discussed by Oborf (4), and Constant [51 gives an excellent discussion 
of electromagnetic units and concepts. 
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r-S TH£ GE?C£RALtrEC >4C\§rR*“>»E\^ 

SYSTEW 



• 5>:=ii rij.r' ■^va avcc-fs- ;•-? ^ . .t 

i=-r'— i- '«~5, .' i.-v-«--i,v, ...... 


«a:«; ?.*» Tirjb> ti.-^ 

As »a fsaa,p:^ c/ a G''fA.'_-', <«Vr.',. cv'*s.,iT 'v^.v 

(sest of a io-a-vohap? sipia. a % . 'tN;wrcy 1* ., .«• 

this ease tnav be jui' two « -» ' . ,• .\vs-s.M.v a rev ' ▼ » » < ' 

tceat, whieh are attaehed to a:" ».'»•< vt'-njali > < •. «» i 
to todieate or record the vo -a' be • ,x? .>• 

some ampLScation The ^ : ’••.■* >■ '•ice i< t' r ''ikc 
desgosted above The final >ci -e n'oasufx'nwni m'*/ i iw 
be either a aTsltnietcr or a rew i ; « h o|vratoi »« thr n-'kv ot 
the output a'oltage of the amp -> . ’sOiti a \a,'«i!‘M ii tv 

voltmeter is a measurement >*' . ' '• one lifv 

The amplifier and the readout i.. ■ < *^^nlalllI^^ m om' 

cabinet, and various s\^itchea eii thl> ili . ■ . •mun' tlu' rmikC «’f 

the instrument by vaiying the n.piii • ■•n' •.> the ninplifuT 

Consider the simple bourcion-iiilH* jm'sure U'lp' lu Kij; 

2*1. This gage offers aualher e\ iiiiph •>{ th< gemratunl niriiurt” 
ment system In this ease (he liiiiirilxn intw n thr detM lnr-tmns* 
ducer stage because it convert- the pn -'mt -ign d *•'•« a mt ilmnii’nl 
displacement of the tube. TJie internuiiiafe Hinge lon'ists of tlir 
gearing arrangement which amplnn - im* disjiinivmrnl of Ihr riwl «f 
the tube so (hat a rcla(iveiv -mi ill ili-nlaerfiimt at that point 
produces as much as iftree-qiiarUT*' oi •« rexoluimn of the n liter 
gear. The final indicator stage eon-i-ts tin iM.m(cr and the dlrtl 
arrangement, which, when rahhrnbtl with known pressure Input*, 
gives an indication of the prcs,sure signal impreased on the '“’"t' »'» 
tube A schematic diagram of the generalixed nieasurniicnl »v»icin 
is shown in Fig 2-2 
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Bourdon-tube (oval cross section) 



When a control device is used for the final measurement stage, 
it is necessary to apply some feedback signal to the input signal to 
accomplish the control objectives. The control stage compares the 
signal representing the measured variable with some other signal in 
the same form representing the assigned value the measured variable 



Fig. 2-2. Schematic of the generalized measurement system. 
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thouM hal t. The assigned value is pven by a predetermined setting 
of the controller. If the measured signal agrees with the predeter- 
mined setting, then the controller does nothing If the signals do 
not agree, the controller issues a signal to a dence which acts to 
alter the value of the measured variable This device can be many 
things, depending on the variable which is to be controlled. If the 
measured variable is the flow rale of a fluid, the control de%nce might 
be a motorized valve placed in the flow ^’stem. If the measured 
flow rate is too high, then the controller would cause the motorized 
valve to close, thereby reducing the flow rate. If the flow rate 
were too low, the valve would be opened. Eventually the operation 
would cca«e when the desired flow rate was achie«d. The control 
feedback function is indicated in Hg 2-2. 

It is verj’ important to realize that the accuracy of control can- 
not be any better than the accuracy of the measurement of the 
control variable Therefore, one must be able to measure a physical 
variable accurately before he can hope to control the variable. In 
the flow system mentioned above, the most elaborate controller 
could not control the flow rate any more closely than the accuracy 
with which the primary sensing element measures the flow We 
ehal! have more to say about some simple control systems m a later 
chapter. For the present we want to emphasize the importance 
of the measurement system in any control setup 

The overall schematic of the generalized measurement system is 
quite simple, and as one might suspect, the diflicult problems arc 
encountered when suitable dcNices are sought to flil (he requirements 
for each of the "boxes” on the schematic diagram Most of the 
remaining chapters of the book are concerned with the types of 
detectors, transducers, modifying stages, etc , which may be used to 
fill these boxes 


2-6 BASIC CONCEPTS IN DYNAMIC 
MEASUREMENTS 

Many experimental measurements are taken under such circum- 
stances that ample time is available for the measurement system to 
reach steady state, and hence one need not be concerned with the 
behavior under non-stcady-state conditions In many other situa- 
tions, however, it may be desirable to determine the behavior of a 
physical variable over a period of time Sometimes the time interval 
is short, and sometimes it may be rather extended In any event, 
the measurement problem usually becomes more complicated when 
the transient charactenstics of a system need to be considered In 
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Fig. 2-3. Simple spring-mass damper system. 


this section we wish to discuss some of the more important char- 
acteristics and parameters applicable to a measurement system 
under dynamic conditions. To initiate the discussion let us consider 
a simple .spring-mass damper sy.stcm assiiown in I'ig. 2-3. We might 
con.sider this as a simple mechanical-moa.surement .system where 
xi(.t) is the input displacement variable which acts through the 
spring-mass damper arrangement to produce an output displace- 
ment Both zi aiid tz vary with time. Suppose we wi.sh to 

find xi(l), knowing m, k, and the damping constant c. Wc 
a.ssumc tiiat the dampu\g force is proportional to velocity so that the 
differential equation governing the sy.stem is obtained from Newton's 
second law of motion as 


}:(xi - Xi) + c 


(dXj 

\dl 




Written in another form, 


d-xz , dxz 
dl 


-h kxz 


A I 


( 2 - 1 ) 


(2-2) 


Now suppose that xj(0 is the harmonic function 


Ti(0 = xo cos uif (2-3) 

where xo is the amplitude of the displacement and ujisthe frequency. 
Wc might imagine thi.s simple vibrational system as being similar to 
a simple spring scale. The mass of the scale is m, the spring inside 
the scale is represented by the. spring constant k, and whatever 
mechanical friction may be present is represented by c. Wc arc 
subjecting the scale to an oscillating-displacement function and wi.sh 
to know how the body of the scale will re.spond, i.e., we want to 
know x.((). Wc might imagine that the spring scale is .shaken by 
hand. When the oscillation Xi(<) is very slow, wc would note that 
the scale body very nearly follows the applied oscillation When 
the frequency of the oscillation is increased, the scale body will react 
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systems as well, and whenever time-varying measurements are 
made, due consideration must be pven to these characteristics. 
Ideally, we should like to have a system with a linear frequency 
response over all ranges and with zero phase shift, but this is never 
completely attainable, although a certain instrument may be linear 
over a range of operation in which we are interested so that the 
behavior is good enough for the purposes intended. There are 
methods of providing compensation for the adverse frequency- 
response characteristics of an instrument, but these methods 
represent an extensive subject in themselves and cannot be dis- 
cussed here. We shall have something to say about the dynamic 
characteristics of specific instruments in subsequent chapters. 


■1 


2-7 SYSTEfW RESPONSE 


We have already discussed the meaning of frequency response and 
observed that in order for a sy-slem to have good lesponse it must 
treat all frequencies the s.amc within the range of application so that 
the ratio of output-to-input amplitude remains ihc same over the 
frequency range desired. We say that the sysiem has linear fre- 
quency response if it follows this behavior. 

Amplitude response pertains to the ability of the system to 
react in a linear way to various input amplitudes. In order for thC' 
system to have linear amplitude response, the ratio of output-to- 
input amplitude should remain constant over some specified range 
of input amplitudes. When this linear range is exceeded, the system 
is said to be overdriven, as in the case of a voltage amplifier where 
too high an input voltage is used. 

We have already noted the significanre of phasc-.shift response 
and its relation to frequency response. Phiu-c shift i.s particularly 
important rvherc complex waveforms are coneerned because severe 
distortion may result if the system has poor phase-shift response. 

Suppose a step or instantaneous input signal is applied to a sys- 
tem. In general there will be a slight delay m the output response, 
and this delay is called the me time or delay of the system. This 
phenomenon is illustrated in Fig. 2-7. 

Many systems exhibit an exponential decay type of behavior. 
When a capacitor is discharged through a resistance as shown in 
Fig. 2-8, the voltage varies vrith time according to 






( 2 - 11 ) 
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nc.3*7. Effect of rite time on output mpotite 
to a etep Input. 


where R is the value of the estemal resistance and C is the capac- 
itance. The voltage aeroas the capacitor as a funeijon of time is 
£(<), and the initial voltage is Et Some types of thermal sj stems 
also display this same kind of response l^c temperature of a hot 
block of metal allowed to cool in a room vanes mth approximately 
the same kind of relation as ahon'n in Gq (2-11) For systems 
which have this kind of behavior ne may note that when 

t « RC (2-12) 

the ratio E/Et has a value of 36 8 percent of its initial value Since 
the terms of Eq (2-12) have the umta of time, they are described as 
the time constant of the system. This meaning of time constant is 
carried into all types of systems, even those which do not have a 
simple behavior like Eq (2-11). Thus, the time constant is 
usually taken as the time for the sj'stem to attain a state of C3 2 
percent of its steady-state value. In the rapantanre system we 
speak of voltage, in a thermal system wc speak of temperature, and 
in some meehanical systems we might speak of velocity or di<placo- 


Flf. 2-t. Capaeltar ctlicharglnt threugti a raststanc*. 
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ment as the physical variables which change with time. The time 
constant would then be related to the steady-state values of these 
variables. 


2-8 DISTORTION 

Suppose a harmonic function of a complicated nature, i.e., composed 
of many frequencies, is transmitted through the mechanical system 
of Figs. 2-3 and 2-4. If the frequency spectrum of the incoming 
waveform is sufficiently broad, there would be different amplitude 
and phase-shift characteristics for each of the inpuWrequency com- 
ponents and the output waveform might bear little resemblance to 
the input. Thus, as a re.sult of the frequency-response character- 
istics of the system, distortion in the waveform would be experienced. 



Fig. 2-9. 


Effects of frequency response and 
complex waveform. 


phase-shift response on 
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Distortion is a very general term which may be used to describe the 
variation of a signal from its true form. Depending on the system 
the distortion may result from either poor frequency response or 
poor phase-shift response. In electronic devices various circuits arc 
employed to reduce distortion to very small values For mechanical 
systems the dynamic response characteristics arc not as easily con- 
trolled and remain a subject for further development. The efTects 
of poor frequency and phase-shift response on a complex waveform 
arc illustrated in Fig. 2-9. 


2-9 IMPEDANCE MATCHING 


In many experimental setups it is necessary to connect various 
items of electrical equipment in order to perform the overall meav 
urement objective When connections arc made between clcctncal 
dcnecs, proper care must be taken to a\*oid impedance mi«matching 
The output impedance of o two-terminal device may be illustrated 
as in Fig 2-10 The device behaves as if the internal resistance /?, 
were connected in senos with the internal voltage source K The 
connecting terminals for the instrument are designated a.s A and If. 
and the open-circuit voltage presented at these terminals is the 
internal voltage E Now, if an external load E is connected to the 
device and the internal voltage E remains constant, the ixtllage 
presented at the output terminals A and B mil be dependent on the 
value of R The potential presented at the output terminals is 

e-13) 

The larger the value of R, the more closely the terminal voltage 
approaches the internal s*oltage E Thus, if the dcrirc is u«cd as a 
voltage source mth some internal impedance, the external impedance 
(or load) should be large enough that the voltage is essentially prr- 
BcrtTd at the terminals Or, if »c msh to measure the internal 
voltage E, the impedance of the measuring device connected to the 
terminals should be large compared with the internal impedance 
Now suppose that we wish to deliver power from the device to 
the external load R The power is given by 


P 


Eab* 

R 


(2-14) 


\Vc ask for the value of the external load which will give the max- 
imum power for a constant internal voltage E and internal impedance 
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Fig. 2-10. Two-tcrmlnal device v/Iih Internet Impoft.-riies 
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Ri. Equation (2-14) is r6v.-r:t(«?ri 
EV R \i 


_eU r y 
R\R->r Rj 


and the maximizing condition 
dP 


dR 


= 0 


(2-15) 


(2-16) 


is applied. The-r ri;ults 

^ (2-17) 

That !s, the ma.vimum amounf oi' p.y.ver - ay be drawn from the 
intJrn l"' I >™Pedance of ((>>=• rx'orc«l load just matches the 

matchtg 
. * 


*hp 


Clea.r.i. 
cated elcptr 
componenr- w 'i; --i. 
tion, \cvnr‘.*tnj. 
ciples of luati’ijjt,., 
match ihe interna: 

(minimum attenuati 

compai-fd wth the inte.n.-: .mpe.;-.:- •, 
mternal voltage of the dev'cc .p ..I'.; 

which makes .a vacuum-tube voitn 'eVer e -emi'Cl T" 
voltages in electronic circuits Tl.e v„ ' f [ measurement of 
very high internal imneHnn,. i ^iv'Juni-tube voltmeter has a 
iiWfe current is drawn Ld the megohms) so that 

the instrument is not altered P^'ssented to the terminals of 
process. ' appreciably by the measurement 

electrical systems but ea^r, brfmMrt encountered in 

well. We might, for evJnDle mechanical systems as 

r e..a.nple, .magme the simple spring-mass sys- 


nal impedance and e.\ieinal load of a compli- 
'V ii-.iiy com am inductive and capacitative 
' '■ i.'.rvor'a.nt n, a-c transmission and dissipa- 
’ 'ca '? tt'c same The general prin- 

_ impedance should 

' * .‘‘V I'ui.vitiM'm energy transmission 
n^'‘" .rA'"'"”'’’ ‘"’penance should be large 
acn a measurement of 
' IS this latter principle 


tern of the previous reelion as a mcchaniesl trftnsmi»«:on 
From the cun-es describing the njrRtem behavior it is seen that fre- 
quencies l)clow a certain value aro transmitted through the system, 
i e , the force is converted to displacement with little attenuation 
Near the natural frequency, undesirable amplification of the signal 
i« performed, and above this ftcqucnc>‘, revere attenuation is 
prerent. \Vc might say that this system exhibits a behavior 
characteristic of a variable impedance which is frequency-dependent. 
When it is dc«ired to transmit mechanical motion through a sj’stcm, 
the natural-frcqucney and damping characteristics must l>c taken 
into account so that good "matching” is present. The problem is 
an impcdancc-matching situation, although it is usually treated as a 
subject in mechanical snhrations. 


2>10 EXPERIMENT PLANNING 

The key to success in experimental work is to ask continuall) . What 
am I looking for’ Why am I measuring this— docs the measure- 
ment really answer any of my questions’ What docs the measure- 
ment tell me? These questions may seem rather cicmentarj’, but 
they should be asked frequently throughout the progress of any 
experimental program Some particular questions which should be 
asked in the initial pha«cs of expenment planning are 

i. What primary s-nnab1es shall be investigated’ 

B. What control must be exerted on the experiment? 

S. What ranges of the primary vanablcs will Iw neceasaiy to 
describe the phenomena under study? 

4 How many data points should be taken in the various ranges of 
operation to ensure good sampling of data ron'idering instru- 
ment accuracy and other factors’ (See Chap 3 ) 

5 What instrument accurac>’ is required for each measurement? 

C. If adynamic measurement ismxolvcd, what frequency response 
must the instruments have’ 

7. Arc the instruments available commemally, or must they be 
constructed especially for the particular experiment? 

8. What safety precautions are necessary if some kind of hatardous 
operation is involved m the expcnmenl? 

9. What financial resources arc available to perform the experiment, 
and bow do the vanous instrument requirements fit into the 
propored budget? 

iO- What provisions have been made for recording the data? 
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The importance of control in any experiment should always be 
recognized. The physical principle, apparatus, or device under 
investigation will dictate the variables which must be controlled 
carefully. For example, a heat-transfer test of a particular apparatus 
might involve some heat loss to the surrounding air in the laboratory 
where the test equipment is located. Consequently, it would be 
wise to maintain (control) the surrounding temperature at a reason- 
ably constant value. If one run is made with the room temperature 
at OOT and another at SO^F, large unwanted effects may occur in the 
measurements. Suppose a te.st is to be made of the effect of 
cigarette smoke on the eating l.abits of mice. Clearly, we would 
want to control the concentration of smoke inhaled by the mice and 
also observe another group of mco. whicli were not exposed to 
cigarette smoke at all. All other environmental variables should 
be the same if we are to estaho'^h the effect of the cigarette smoke on 
eating habits. 

In the case of the h- ■•' irmi.Uci test we make a series of measure- 
ments of the chara'-O fi'-te N of a device under certain specified 
operating conditio*, • -..o loo.parison with other devices is made. 
For the smoke ic-t mice it is necessary to measure the per- 
formance of the iiiK C under specified conditions and also to compare 
this performance with the performance of another group under dif- 
ferent controlled conditions. For the heat-transfer test we establish 
an absolute measurement of performance, but for the mice a relative 
performance is ail that can be ascertained. We have chosen two 
diverse examples of ab.solute and relative experiments, but the 
le.sson is clear. Whenever a comparison test is performed to 
establish relative performance, control must be exerted over more 
than one e.xperiniental setup in order for the comparison to be 
significant. 

It would seem obvious that very careful provisions should be 
made to record (lie data and all ideas and observations concerned 
with the experiment. Yet, many expenmenters record data and 
important sketches on pieces of scratch paper or in such a disor- 
ganized manner that they may be lost or thrown away. In some 
experiments the readout instrument is a recording type so that a 
record is automatically obtained and there is little chance for loss. 
For most experiments, however, visual observations must be made 
and values recorded on an appropriate data sheet. This data sheet 
■should be very carefully planned so that it may subsequently be 
used, if dc.sired, for data reduction. Frequently, much lime may 
e in the reduction process by eliminating unnecessary 

transferal of data from one sheet to another. If a computer is to 
be used for data reduction, then the primary data sheet should 
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be 80 destffned that the data may be es«ily transferred to the input 
device of the computer. A bound notebook $hou!d be tnainlained 
to record tlelehes and ngnifeant obserraiione of on unt/juof character 
vhieh may occur dunnff both the planning and the ereeution itages 
of the experiment The notebook is also u«cd for recordmR thoughts 
and observations of a theoretical nature as the experiment pro- 
gresses Upon the completion of the experimental program the 
well-kept notebook forms a clear and acf^uential record of the 
experiment planning, obserx'ations during the experiment, and 
where applicable, correspondence of important obsen-ations with 
theoretical predictions. Every experimenter should gel into the 
habit of keeping a good notebook 

As A summary of mtr remarks on experimental planning wp 
present the generalised experimental procedure pven in Tabic 2-1 
This procedure is, of course, a flcxibte one, and the reader should 
consider the importance of each item in relation to the entire experi- 
mental program Xotice particularly item lo The enpneer 
should give careful thought to the need for the expenmenf Per- 
haps, after some sober thinking, he »il! deride that a previously 
planned expenmont is really not necessary at all and that he could 
get the desired information from an analytical study or from the 
results of experiments which have already been conducted fto 
not take tills item Iightl>. A great amount of money is na-sted 
by individuals who ru«h into n program only to di«eover later lh.al 
the experiments were unnecessary for their own particular purposes 
hlany books have been written on the subject of report writing, 
and the author hft-s no intention of competing with lhe.«c work" 
The importance of good report writing and data presentation can- 
not be overemphasized No matter how good an expcniiient or 
how brilliant a discovery, it is worthless unless the information is 
communicated to other people Only a few general remarks will 
be made concerning item 8 m Table 2-1 

Very good ad«co for tho«c engaged m writing or speaking 
activities is contained m the aphorism 

A man who u"cs a great many word" to exprc"s his meaning i" like a 
bad marksman w ho instead of aiming a eingtr stone at an objret take* 
up a handful and throws at it in hopes he may hit 

Samuel John.«on 

In other word", sny what you have to say and then shut up' Be 
succinct but not laconic When graph" or tables will pre«cnt the 
idea clearly, use them, but do not *I"o include a wordy explanation 
which tells the reader what he could plainly sec for him.»c!f by 
careful inspection of the graph. 





BaiIc ranerpt* 


Third-person past tense is generally aceepted as the most 
formal grammatical style for technical reports, and it is seldom 
incorrect to use such a style. In some instances, first person may 
be employed in order to emphasite a point or to stress the fact 
that a statement is pnmanly the opinion of the writer. The 
usual scientific writing style is also m the passive mode. Examples 
of the two styles are: 

TAirtf jxTton' Equation S U recommended for the final correlation in 
accordance with the limitations of the data as di<cu.«tcd above. 

Firtl perton We (1) recommend Equation 5 for the final correlation in 
accordance with the limitations of the data presented in our diieassion 
above 

In the first-person statement, the writer is making the recom- 
mendation on a much more personal basis than he is m the third- 
person statement The selection of the proper statement is a 
matter of idiom which depends on many factors, including con- 
sideration of the personfs) who will read the report For a formal 
paper in a scientific /ournal, (he third-person statement might be 
more preferable, whereas the first-person usage might be desirable 
m an engineering report to an individual 

Engineers could learn a few lessons from politicians and busi- 
nessmen Have you ever noticed the difference in writing style 
in the annual reports of corporations’ If the earnings situation is 
good, the point is brought forth very quickly and very clearly 
Wordines-s is avoided in the presentation of good points so that 
the reader will not miss them W'hcn the profit statement is poor, 
the discussion becomes more circumlocutious and clear graphical 
or tabular presentations arc seldom employed The point is that a 
writer should make sure that the strong points of his report arc not 
buried in excess words The degree to which weak points arc 
submerged depends upon the audience for which the report is 
intended and the circumstances under which the report is written 
The above comments should not be misconstrued The engineer 
should not hury bad data m a presentation in hopes that no one 
will noticci On (he other hand, one should wogniic that some 
engineering reports arc wntten for the layman, and il is extremely 
important for the presentation not to give conflicting or confusing 
results which may lie misinterpreted Of course, a paper for 
publication in the technical or scientific literature should he com- 
pletely objective The purpose of the«e brief paragraphs has been 
to illustrate the fact that an engineer may, in ttmt nreumtidnen, 
find it necessary to do a bit of selling in his writing Such writing 
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requires a great amount of skill and experience in order to be 

effective. -r u l n 

Be specific if you have something to be specific about. Con- 
sider the foliovring two statements; 

/. An analysis of the experimental data showed that the average 
deviation from the theoretical value- was less than 1 percent. 
Uncertainties in the primary data weri^ shown to account for a 
deviation of O..*} percent. !n inevv of this excellent agreement 
between Eq. (42) and tls fxperimonta' data, this relation is 
believed to be an cdeqnatt representation of the physical 
phenomena and is reco'emefidi'd for calculation purpo-ses. 

Z. The experimental data arc in goi/d agreement with the theoreti- 
cal development, fn '-.<*,•/ of tins favorable comparison the 
assumptions pertait ng i. . 'tie derivation are verified. 

Note the dificrcm. ‘.c-vt-i-n the two statements. The first 
statement is quite .1 .J leaves the reader with a feeling of 

confidence in tic- . enta! data and theoretical analysis. 

Upon examining m . 'ond statement the reader will immediately 
ask: How good e- “good", how favorable is "favorable”? The 
author has see:, such sialenients applied to experimental data 
which differed from theoretical values by such a large factor that 
the veracity of tlm writer might be que.stioned by a careful reader. 

A brief, general procedure for report writing might take the 
following form 

/ Make a written outline of the report with a.s mtieh detail as 
possible. 

Z. Ixrl til'- outline ‘‘cool’’ for a period of lime while you direct 
your thoughts to other matters. 

H. Go back to tin- outline and make whatever changes you feel 
are necessary 

-f. Write the report in rough draft form as (juickly as possible. 

5. I/;t the report cool for a period of time, preferably a week or so. 
6’. Go back and make corrections on your draff , You will prob- 
ably find that you did not say things tpiite tlie way you would 
like to, did not include as much infonnution as you wanted to, 
or made revera! stupid mistakes in some of the data analysis. ’ 
7. If possible, have a colleague scrutinize the report carefully. 

1 his person should be one whose competence you respect. 

«. Consider your colleague’s comments very carefully, and 
rewrite the report in its final form. 


30 



Baile coAMptt 


PROBLEMS 

2-1 Consider «n ordinarj* mercury-in-glass thermometer m a tne.w 
urement sj’stem, and indicate which parts of the thermometer 
correspond to the boxes in the diagram of Fig 2-2. 

2-2 A thermometer la used for the range of 200 to 400'’F, and it is 
stated that its accuracy is one-quarter of 1 percent, Wh.at 
does this mean in terms of temperature? 

2-3 A sinusoidal forcing function is impressed on the sj-stem m Fig 
2-4. The nature! frequency is lOOeps, end the damping ratio 
e/c, is 0 7 Calculate the amplitude ratio and lime lag of the 
system for an input frequency of 40 cps (The time hg i« the 
time interval between the maximum force input and maximum 
displacement output ) 

2-4 For a natural frequency of lOO cps and a damping ratio of 0 7. 
compute the input-frequency range for which the system in 
Fig 2-4 will have an amplitude ratio of i 00 ± 0 01 

2*5 A thermometer is initially at a temperature of 70'F and is 
suddenly placed in a liquid which is maintained at 300*F, 
The thermometer indicates 200 and 270*F after time intrr\al« 
of 3 and 5 sec respectively n<limatc the tunc constant for 
the thermometer 

2-6 Plot the power output of the circuit in Fig 2-JO as a function 
of It/U, Assume R, and F as constants, and show the plot in 
dimensionless form, i e , use as the ordinate for the 

curve. 
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chapter 3 


Analysis of experimenfaf dala 


3-1 INTRODUCTION 

Some form of analysts must be performed on all expcnmental data 
The anal>'S]a may be a simple verbal appraisal of the test rc«ults. or 
it may take the form of a complex theoretical anal^’sis of the errors 
involved m the experiment and matching of the data mth funds* 
mental physical principles Even new pnneiples may Iw developed 
in order to explain some unu«ual phenomenon Our di«ru«»ion in 
this chapter mil consider the analysis of data to determine errors, 
precision, and pcneral validity of expenmental measurements The 
correspondence of the measurements mth physical principle^ is 
another matter, quite beyond the scope of our discuwon Some 
methods of {graphical data pre«entation mil also be discussed The 
interested reader should consult the monograph by Wilson (4) for 
many interesting observations concerning correspondence of physical 
theory and expcnmenl 

The expcnmenlalist should always know the validity of his data 
The automobile test engineer most know the accuracy of his speed- 
ometer and gas gage if he is to express the miles-per-gallon perform- 
ance mth confidence A nuclear enpneer must know the accuracy 
and precision of many instruments ju«t to make some simple radio- 
activity measurements mth confidence In order for an electrical 
engineer to specify the performance of an amplifier, he must know 
the accuracy mth which he has conducted the appropnale measure- 
ments of voltage, distortion, etc Many considerations enter into a 
final determination of the validity of the results of e.xpenmenial 
data, and we wish to present some of these considerations m this 
chapter. 

Errors will creep into all expenments regardless of the care 
which IS exerted Some of these errors arc of a random nature, and 
some will be due to gross blunders on the part of the experimenter 
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Bad data due to obvious blunders may be discarded immediately. 
But what of the data points that just “look” bad? We cannot 
throw out data because they do not conform with our hopes and 
expectations unless we see something obviously wrong. If such 
“bad” points fall outside the range of normally expected random 
deviations, they may be discarded on the basis of some consistent 
statistical data analysis. The key word here is consislent. The 
elimination of data points must be consistent and should not be 
dependent on human whims and bias based on what “ought to be.” 
In many instances it is very difficult for the engineer to be consistent 
and unbiased. The pressure of a deadline, disgust with previous 
experimental failures, and normal impatience all can influence his 
rational thinking processes. However, the competent experimental- 
ist will strive to maintain consistency in the primary data analysis. 
Our objective in this chapter is to show how one may go about 
maintaining this consistency. 


3-2 CAUSES AND TYPES 
OF EXPERIMENTAL ERRORS 

In this section we present a discussion of some of the types of errors 
which may be present in experimental data and begin to indicate the 
way these data may be handled. First, let us distinguish between 
single-sample and multisample data. 

Single-sample data are those in which some uncertainties may 
not be discovered by repetition. Multisample data are obtained in 
those instances where enough experiments are performed so that the 
reliability of the results can be assured by statistics. Frequently, 
cost will prohibit the collection of multisample data, and the exper- 
imenter must be content with single-sample data and prepared to 
extract as much information as possible from such experiments.*/" 
The reader is referred to Refs. [1] and [4] for further discussions on 
this subject, but we state a simple example at this time, ‘if one 
measures pressure with a pressure gage and a single instrument is the 
only one used for the entire set of observations, then some of the 
error which is present in the measurement will be sampled only once 
no matter how many times the reading is repeated. Consequently, 
such an experiment is a single-sample experiment. On the other 
hand, if more than one pressure gage is used for the same total set 
of observations, then we might say that a multisample experiment 
has been performed. The number of observations will then deter- 
mine the success of this multisample experiment in accordance with 
accepted statistical principles.^ 
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An experimental error is an experimental error. If the exper- 
imenter knew what the error was, he would correct U and it ^-ould 
no longer be an error. In other words'thc real errors in cxpennienlsl 
data are those factors which are always vague to some extent and 
carry some amount of uncertainty'* Our task is to determine jun 
how uncertain a particular observation may be and to dcvl«e a con- 
sistent way of specifying the uncertainly in analytical form. *A 
reasonable definition of experimental uncertainty may lie taken n* 
the possible value the error may have. This uncertainty nny v.ary 
a great deal depending upon the circumstances of the cxpcnmenl. 
Perhaps it is better to speak of experimental uncertainty instead of 
experimental error, because the magnitude of an error is always 
uncertain f Both terms are used in practice, however, so the render 
should be^amiliar with the meaning attached to the terms and the 
ways that they relate to each other 

this point we may mention some of the types of errors winch 
may cause uncertainty in an experimental measurement ^I'lrst, 
there can always be those gross blunders in apparatus or mslrumcnl 
construction which may invalidate the data Hopefully, the careful 
experimenter will be able to eliminate most of these errors Second, 
there may be certain fixed errors which will cause rcpenicil readings 
to be in error by roughly the same amount, but for some unknown 
reason These fixed errors are sometimes called syslemolte errors. 
Third, there are the random errors which may be caii«cd by personal 
fluctuations, random electronic fluctuations in the Bpp.arnlus or 
instruments, various influences of friction, etc These random errora 
usually follow a certain statistical distribution, but net always In 
many instances it is verj' difficult to distinguish between fixed errors 
and random errorsv^ 

. The expenoientalist may sometimes u'c theorctienl methods to 
estimate the magnitude of a fixed error For example, eonsider the 
measurement of the temperature of a hot gas stream flowing in a d'mt 
with a raercurr-iD-^ajj= thermometer It is well known that heat 
may be conducted from the stem of the thermomef/r, out of the 
glass body, and into the eurroundings In other word*, the fact that 
part of the thermometer is exposed to the fiirroiindings at a le'a- 
perature different from the gas temperature to lx* mea»’jred t: tj 
influence the teroperalore of the stem of the thermometer H.ef* 
is a heat flow from the ga-s to the stem of the tl.er;r,ometer, an-, 
consequently, the tec:pe»r 2 tBre of th*- stem rnu't hrrrr t'-p* 
of the hot eas- Therefore, the temperature we read on tfjethe^.'Tr" 
eter is not the true temperatnre of the gas, and it srill t/'A 
difference how ex-xt regdinzs are taken— we rhafl a.V*y» 
error resulting from tbe fc<*at-tr8n*fer condition of 
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Bad data due to obvious blunders may be discarded iinmediately. 
But what of the data points that just “look” bad? We cannot 
throw out data because they do not conform %vith our hopes and 
expectations unless we see something obviously wrong. If such 
“bad” points fall outside the range of normally expected random 
deviations, they may be discarded on the basis of some consistent 
statistical data analysis. The key word here is conmleni. The 
elimination of data points must be consistent and should not be 
dependent on human whims and bias based on what “ought to be.” 
In many instances it is very difficult for the engineer to be consistent 
and unbiased. The pressure of a deadline, disgust with previous 
experimental failures, and normal impatience all can influence his 
rational thinking processes. However, the competent experimental- 
ist will strive to maintain consistency in the primary data analysis. 
Our objective in this chapter is to show how one may go about 
maintaining this consistency. 


3-2 CAUSES AMD TYPES 
OF EXPERin^ENTAl. ERRORS 

In this section we present a discussion of some of the types of errors 
which may be present in experimental data and begin to indicate the 
way these data may be handled. First, let us distinguish between 
single-sample and multisample data. 

'^Single-sample data are those in which some uncertainties may 
not be discovered by repetition. Multisample data are obtained in 
those instances where enough experiments are performed so that the 
reliability of the results can be assured by statistics. Frequently, 
cost will prohibit the collection of multisample data, and the exper- 
imenter must be content with single-sample data and prepared to 
extract as much information as possible from such experiments.!!/' 
The reader is referred to Refs. |1] and {4) for further discussions on 
this subject, but we state a simple example at this time. If one 
measures pressure with a pressure gage and a single instrument is the 
only one used for the entire set of observations, then some of the 
error which is present in the measurement will be sampled only once 
no matter how many times the reading is repeated. Consequently, 
such an experiment is a single-sample experiment. On the other 
hand, if more than one pressure gage is used for the same total set 
of observations, then we might say that a multisample experiment 
has been performed. The number of observations will then deter- 
mine the success of this multisample experiment in accordance with 
accepted statistical principles.^ 
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An experimental error is an expenmental error. If the exper- 
imenter knew what the error was, h^would correct it and it would 
no longer be an error. In other words, the real errors in etpcrimental 
data are those factors which are always vague to some extent and 
carry some amount of uncertainty'* Our task is to determine just 
how uncertain a particular obserx-ation may be and to dex ise a con- 
sistent way of specifying the uncertainty in analytical form. *A 
reasonable definition of experimental uncertainty may be taken as 
the possible talue the error may have This uncertainty may vary 
a great deal depending upon the circumstances of the expenment 
Perhaps it is better to speak of expenmental uncertainty instead of 
experimental error, because the magnitude of an error is alway.s 
uncertain f Both terms are used m practice, however, so the reader 
should be familiar with the meaning attached to the terms and the 
ways that they relate to each other. 

this point we may mention some of the types of errors which 
may cause uncertainly in an expenmental measurement. "^First, 
there can always be those gross blunders in apparatus or instrument 
construction which may inx-alidate the data Hopefully, the careful 
expenmenter will be able to eliminate most of these errors Second, 
there may be certain fixed errors which will cause repeated readings 
<0 be m error by roughly (he same amount, but for some unknown 
reason These fixed errors are sometimes called systemolte errors 
Third, there are the random errors which may be caused by personal 
fluctuations, random electronic fluctuations m the apparatus or 
instruments, various mfluencesof friction, etc These random errors 
usually follow a certain statistical distribution, but not altcays In 
many instances it is very difficult to distinguish between fixed errors 
and random errorsv^ 

• The experimentalist may sometimes use theoretical methods to 
estimate the magnitude of a fixed error For example, consider the 
measurement of the temperature of a hot gas stream flowing in a duet 
with a mercuiy-in-glass thermometer It is well known that heat 
may be conducted from the stem of the thermometer, out of the 
glass body, and into the surroundings In other words, the fact that 
part of the thermometer is exposed to the surroundings at a tem- 
perature different from the gas temperature to be measured may 
influence the temperature of the stem of the thermometer There 
is a heat flow from the gas to the stem of the thermometer, and, 
consequently, the temperature of the stem must be lower than that 
of the hot gas. Therefore, the temperature we read on the thermom- 
eter is not the true temperature of the gas, and it will not make any 
difference how many readings are taken — «'e shall always hax'e an 
error resulting from the heat-transfer condition of the stem of the 
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thermometer. This is a fixed error, and its magnitude may be 
estimated v/ith theoretical calculations based upon known thermal 
properties of the gas and the glass thermometer. 


3S 


3-3 ERROR ANALYSIS ON A 
“COMMONSENSE” BASIS 

We have already noted that it is somewhat more explicit to speak of 
experimental uncertainty rather than experimental error. Suppose 
that we have satisfied ourselves v.'ith the uncr'rtainty in some basic 
experimental measurements, taking into consideration such factors 
as instrument accuracy, competence of ll)c people using the instru- 
ments, etc. Eventually, 'he primary measirrerncnts mirst be com- 
bined to calculate a particular re.sult which is desired. We shall be 
interested in knov/ing the uncertainty in the final result due to the 
uncertainties in the primary measuremenfs. This may be done by 
a commonsense analysis of the data which may take many forms. 
One rule of thumb which could be used is that the error in the result 
is equal to the maximum error in any parameter used to calculate 
the result. Another commonsense analysis would combine all the 
errors in the most detrimental way in order to determine the max- 
imum error in the final result. Consider the calculation of electric 
power from 

P = EJ 

where E and I arc measured as 

E = 100 volts ± 2 volts 
/ = 10 amp ± 0.2 amp 

The nominal value of the power is 100 X 10 = 1,000 watts. By 
taking the worst po.srible variations in voltage and current we could 
calculate 


Pmix — (100 -f 2) (10 -f- 0.2) = 1040.4 v/atts 
Pau ~ (100 — 2) (10 — 0,2) = 960.4 watts 


Thu-S, using this method of calculation the 
power is 4-4.04 percent, -3.9G percent. It is 


uncertainty in the 
quite unlikely tliat 
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the power would be in error by these amounts because the voltmeter 
variations would probably not correspond with the ammeter varia- 
tions. When the voltmeter reads an extreme "high,'' there is no 
reason why the ammeter must also read an extreme “high" at that 
particular instant; indeed, this combination ts most unlikely 

The simple calculation applied to the electric-power equation 
above is a useful way of inspecting experimental data to determine 
nhat errors could result in a final calculation; howcicr, the test is 
too severe and should be used only for rough inspections of data 
It IS significant to note, however, that if the results of the exper- 
iments appear to be in error by more than the amounts indicated by 
the above calculation, then the experimenter had better examine 
his data more closely In particular, he should look for certain fixed 
errors In the instrumentation nhich may iM^timinated by applying 
either theoretical or empirical corrections 

The term "common sense" has many connotations and means 
different things to different people In the brief example pven 
above, it is intended as a quick and expedient vehicle Tvhicb may be 
used to examine experimental data and results for gro's errors and 
variations. In subsequent sections ne shall present method* for 
determining experimental uncertainties m a more preei<e manner 


3-4 UNCERTAINTY ANALYSIS 

A more precise method of estimating uncertainty in experimental 
results has been presented by KIme and McCimtock {I) The 
method is based on a careful specification of the uncertainties in the 
various pnmary expenmental measurements For example, a cer- 
tain pressure reading might be expressed as 


p “ 100 psia ± 1 psia 

When the plus or minus notation is used to designate the uncer- 
tainty, the person making this designation is stating in verj’ precise 
terms the degree of accuracy snth which he believes the measure- 
ment has been made We may note that this specification is in 
itself uncertain because the experimenter is naturally uncertain 
about the accuracy of his measurements To add a further specifica- 
tion of the uncertainty of a particular mea.surcment, Kline and 
AfcCIintock propose that the experimenter specify certain odds for 
the uncertainty The abox'C equation for pressure might thus be 
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■prritten 

y = 100 paa + 1 psia (20 to 1) 

In other words, the experimenter is willing to bet with 20 to 1 
odds that his pressure measurement is n-ithin ±1 psia. It is 
imjwrtant to note that the specification of such odds can only be 
made by the experimenter himself based on his total laboratory 
experience, 

"Suppose a set of measurements is made and the uncertainty in 
each measurement may be expressed mth the same odds. These 
measurements are then used to calculate some desired result of the 
experiments. We wish to estimate the uncertainty in the calculated 
result on the basis of the uncertainties in the primary measurements. 
The result ^ is a pven function of the independent variables Xj, xi, 
xi, , x„. Thus, 

R = R(.Xi, Xi, xs . . . , r.) (3-1) 

Let wr be the uncertainty in the result and ici, iXi, ... ,Wn be the 
uncertainties in the independent variables. If the uncertainties in 
the independent variables are all given with the same odds, then the 
uncertainty in the result having these odds is given in Ref. [1] as 



If this relation i.= applied to the electric-power relation of thepretdous 
section, the expected uncertainty is 2.83 percent instead of 4.04 
percent, v- 


Exomple 3-1 

The resistance of a certain size of copper wire is given as 
R = ffcll + a(r - 20)] 

® ^ 0.3 percent is the resistance at 20'’C, a = 0.004 

1 I percent is the temperature coefficient of resistance, and the i 
temperature of the ^ire is T = 30 ± I'C. Calculate the resistance of the 
and its uncertainty. 
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Selirtien. The nonunal resist&ace is 
B - (6) [I + (0.0(H) (30 - 20)1 .* 6.24 ohms 

The uncertainly in this value is calculated by applying Eq, (3-2). The 
various tenns are: 

- 1 + a(r - 20) - 1 + (0«M)BO - 20 ) - 1 (M 

- !!,(T - 20) . (6)(30 - 20) - 60 
|5.Bw - (6)(00(M) -0 024 

- (6)(0,003) - 00180)1111 

i». - (ao!M)(o.o)) - 4 X )o-‘ 

Vr "• 1*C 

Thus, the uneertainty in the resisUnce is 

Ills - |(1.(H)»(0018)‘+ (60)‘(4 (0024)*(l)*i* 

- 00303 ohm or 0.49% 

Particular notice should be pven to the fact that the iinccrt .'tinty 
propagation in the result tcj» predicted by Eq (3-2) depends on the 
squares of the uncertainties in the independent variables w. This 
means that if the uncertainty in one variable ia significantly larger 
than the uncertainties in the other variables, say by a factor of .3 or 
10, then it ia the largest uneerlainty which predominates and the 
others may probably be neglected. To illustrate, suppose there are 
three variables with an uncertainty of magnitude I and one variable 
with an uncertainty of magnitude 5. Tlie uncertainty in (he result 
would be 

(5> -l- 1* + 1* -f 1*)< - V2l - 559 * 


The importance of this brief remark concerning (he rehure miZ- 
nitude of uncertainties is evident uhen one coBfiders design of 
an experiment, procurement of instrumentation, etc 'etT 
gained by trying to reduce the ‘'small" uncertainties Because of 
the square propagation it is the "large" ones that predoainste and 
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any improvement in the overall experimental result must be achieved 
by improving the instrumentation or experimental technique con- 
nected vfith these relatively large uncertainties. In the examples 
and problems which follow, both in this chapter and throughout the 
book, the reader should always note the relative effect of uncer- 
tainties in primary measurements on the final resul'. 

In Sec. 2-10 (Table 2-4) the reader was caulifr.ed to examine 
possible experimental errors before the experiment, is conducted. 
Equation (3-2) may be used very effectively such analyses, as we 
shall see in the sections and chapters which follow. A further word 
of caution may be added here. It is equally ?.s unfortunate to over- 
estimate uncertainty as to underestimate. ."\n un.ierestimate gives 
false security, while an overestimate may moke one discard impor- 
tant results, miss a real effect, or buy much too expensive instru- 
ments. The purpose of this chapter is to indicet? some of the 
methods for obtaining reasonable estim/ites of experimental 
uncertainty. 


3-S STATISTICAL ANALYSIS 
OF EXPERIMENTAL DATA 

We shall not be able to give an extensive presentation of the methods 
of statistical analysis of experimental data: v.-e may only indicate 
some of the more important methods current!)' employed. .First, it 
is i^ortant to define some pertinent terms. 

When a set of readings of an instrument is taken, the individual 
readings will vary somewhat from each other and tiit experimenter 
is usually concerned with the mean of all the readings. If each 
reading is denoted by at. and there are n readings, the arithmetic 
mean is given by 


(3-3) 

The deviation d.- for each reading is defined by 


ImTn^cr*" deviations of all the readings is 
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= x« - i {nxm) ~ 0 


(3-5) 


The average of the absolute values of the deviation? is given by 

W = <3-0 

Note that this quantity is not necessarily zero. 

The standard devtalion or tooi-mean-tquare devtalion is defined by 

"■K I 

and the square of the standard deviation o* is called the ronanee 
We shall be interested in the determination of the standard devia- 
tion because it is important in all a.<peetsof statistical data analysis 


Example 3>2 

The following readiags are taken of a certain physical length. Com- 
pute the mean reading, standard deviation, variance, and awrage of the 
absolute value of the deviation. 


Reading x, ft 

1 S.30 

2 5 73 

3 6.77 

4 6.26 

5 4 33 

6 5.45 

7 6.09 

6 5.64 

0 5 8t 

5.75 


Soluiion. The mean value is given by 
^ ^ n - ^(56.13) - 5 613 ft 


10 
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The other Quantities are computed with the aid of the following table: 


Reading 

c 

H 

I 

H 

II 

(n - X 10» 

1 

-0.313 

9.797 

2 

0.117 

1.369 

3 

1.157 

133.864 

4 

-0.353 

12.461 

5 

-1.283 

164.866 

6 

-0.163 

2.657 

7 

0.477 

22.753 

8 

0.027 

0.0729 

9 

0.197 

3.881 

10 

0.137 

1.877 


I (I, = [A(3.536)]i = 0.595 ft 

<r’ = 0.3536 ft’ 

n » 

= 1^(4.224) = 0.4224 ft 


' Suppose an “honest” coin is flipped a large number of times. It will 
be noted that after a large number of tosses heads will be observed 
about the same number of times as tails. If one were to consistently 
bet on either heads or tails, the best he could hope for would be a 
break-even proposition over a long period of time. In other words, 
the frequency of occurrence of either heads or tails is the same for a 
very large number of tosses. It is common knowledge that a few 
tosses of a coin, say 5 or 10, may not be a break-even proposition, 
as in the case of a large number of tosses. This observation illus- 
trates the fact that frequency of occurrence of an event may be 
dependent on the total number of events which are observed. 

The probability that one will get a head when flipping an 
unweighted coin is regardless of the number of times the coin is 
tossed. The probability that a tail will occur is also The prob- 
ability that either a head or a tail will occur is | -b ^ or unity. (We 
ignore the possibility that the coin will stand on edge.) '^Proba.hilily 
is a mathematical quantity which is linked to the frequency with 
which a certain phenomenon occurs after a large number of tries.*^ 
In the case of the coin, it is the number of times heads would be 
expected to result in a large number of tosses divided by the total 
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number of tosses. In a similar manner, the toss of an unloaded die 
would be expected to result in the occurrence of any one side one- 
sixth of the time in a large number of throws 

Probabilities are expressed m numerical values less than j, and 
a probability of unity corresponds to certainty. In other words, if 
the probabilities for all possible events are added, the result must’be 
unity If we know the probability that separate events will occur, 
the probability that one of the events will occur is the sum of the 
individual probabilities for the events For the to'ring of a die, the 
probability that any one side will occur is f The probability of 
getting etther of two given numbers in a single throw of the die is 
i -I- i, or 4 . The probability for one of three given numbers is 
i 4- i -t* or and so on As another example, the probability of 
drawing the ace of spades from a deck of cards is but the prob- 
ability of drawing any ace is (4)(,V), or iV- 

Suppose fteodice are thrown and we wish to know the probability 
that both wll display a 6 The probability for a 6 on a single die is 
\ By a short calculation or listing of the possible arrangements that 
the dice may have, it can be seen that there are 36 possibilities and 
that the desired result of two Cs represents only one of these pos- 
sibihties Thus, the probability is ^ The reader who has a 
gambling heart will naturally want to know the probability of getting 
a 7 or 11 on the throw of the dice There arc 3C po.»sible wajs that 
the dice may be arranged and 6 possible ways of getting a 7, thus 
the probability of getting a 7 is or i There are only 2 ways of 
getting an 11, thus the probabilily is or The probability of 
getting either a 7 or an 11 is ^ -f- or f 

If several independent events occur at the same tunc such that 
each event has a probability the probability that all events will 
occur is given as the product of the probabilities of the indn-idual 
events Thus.p = lip, wherethellsigndesignateSBproduct This 
rule could be applied to the problem of determining the probability 
of a double 6 in the throw of two dice The probability of getting 
a C on each die is j, and the lolal probability is therefore (i)({), or 
A- This reasoning could not be applied to the problem of obtaining 
a 7 On the two dice, because the number on each die is not inde- 
pendent of the number on the other die nnco a 7 can be obtained in 
more than one way 

As a final example ne ask what the chances arc of getting a 
royal flush in the first five cards drawn off the top of a deck There 
are 20 suitable possibilities for the first draw (4 suits, 5 pos«iWc 
cards per suit) out of a total of 52 cards On the second draw we 
have fixed the suit so that there are only 4 suitable cards out of the 
51 remaining There are three suitable cards on the third draw. 
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two on the fourth, and only one on the fifth draw. The total 
probability of drawing the royal flush is thus the product of the 
probabilities of each draw, or 

20..4v3y2 2.= ^ ' 

52^51^50^ 49 ^ 48 649,740 

In the above discussion we have seen that the probability is 
related to the number of ways a certain event may occur. In a sense 
we are assuming that all events are equally likely, and hence the 
probability that an event %viU occur is the number of ways the event 
may occur divided by the number of possible events. For our pur- 
poses it is sufficient that we recognize the link between probability 
and the mathematics dealing with permutations and combinations 
without pursuing the matter further. Our primary concern is the 
application of probability and statistics to the analysis of experimen- 
tal data. For this purpose we need to discuss next the meaning and 
use of prohahiltly distributions. We shall be concerned with a few 
particular distributions which are directly applicable to experimental 
data analysis, 

3-G PROBABILITY DISTRIBOTIOffS 

'‘Suppose we toss a horseshoe some distance x. Even though we 
might be playing a game such that every effort was made to toss the 
horseshoe the same distance each time, we would not always meet 
with success. On the first toss the horseshoe might travel a distance 
Xi, on the second toss a distance of Xj, and so on. If one is a good 
player of the game, there would be more tosses which have an x dis- 
tance equal to that of the objective. Also, we would expect fewer 
and fewer tosses for those x distances which are further and further 
away from the target. Suppose the horseshoe is tossed a large num- 
ber of times. We might compute the probability that it will travel 
a distance x by dividing the number traveling this distance by the 
total number of tosses. Since each x distance will vary somewhat 
from other x distances, we might find it advantageous to calculate 
the probability of a toss landing in a certain increment of x between 
X and X -f Ax. When this calculation is made, we might get some- 
thing like the situation shown in Fig. 3-1. For a good pla 3 'er, the 
maximum probability is expected to surround the distance x„ 
designating the position of the target. 

The curve shown in Fig. 3-1 is called a probability distriiution. 
It shows how the probability of success in a certain event is distrib- 
uted over the distance x. Each value of the ordinate p(x) gives the 
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Flf. 3>1. Distribution of throws for a '‘good" horsesheot playor. 


probability that the horseshoe wai land between * and x ^ Lx, 
where Lx is allowed to approach gero. We might consider the 
delation from x» as the error in the throw. If the horseshoes 
player has good aim, large errors are less hkely than small errors. 
The area under the curve is unity, since it is certain that the horse- 
shoe will land somewhere. 

A particular probability distribution is the Wnomtol dtsinhufton. 
This distribution pves the number of successes n out of possible 
independent events when each event has a probability of success p. 
The probability that n events will succeed is ^ven in Ref (2] as 

( 3 - 8 ) 

It wnll be noted that the quantity (1 — p) is the probability of 
failure of each independent event. ^ 


Example 3>3 

An unweighted coin U fiippied three limes Calculate the probability 
of getting rero, one, two, or three heads in these tosses 
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Solufion. The binomial distribution applies in this case. The prob- 
abilitj' of getting a head on each throw is p = ■? and = 3, while n fakes 
on the values 0, 1, 2, and 3. The probabUities are calculated as 

(life ©’(!)' -I 

!’®-(i|sr)(5)'(5y-i 

Now suppose that the number of possible independent events A' 
is very large and the probability of occurrence of each p is very small. 
The calculation of the probability of n successes out of the A' possible 
events using Eq. (3-8) would be most cumbersome because of the 
size of the numbers. The limit of the binomial distribution as 
A -+ « and p — * 0, such that 

Ap = a = const 

is called the Poi$son dislribidion and is given by 


Vein) = 


a"e~° 

n\ 


(3-9) 


The Poisson distribution is applicable to the calculation of the decay 
of radioactive nuclei, as we shall see in a subsequent chapter. It 
may be shown that the standard de^^ation of the Poisson distribu- 
tion is 



(3-10) 


3-7 THE GAUSSIAN OR NORRIAL 
ERROR DISTRIBUTION 

n/ e 

Suppose an experimental obseiv'ation is made and some particular 
result recorded. We know (or would strongly suspect) that the 
observation has been subjected to many random errors. These 
random errors may make the final reading either too large or too 
small, depending on many circumstances which are unknown to us. 
Assuming that there are many small errors which contribute to the 
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final error and that each email error h ol equal magnitude and 
equally hkeiy to be positive or negative, the Gausnan or normal error 
dhinbutim may be denved. If the measurement is designated by 
X, the Gaussian distribution gives the probability that the measure- 
ment wil lie between * and i + rf* and is written 

PW - (3-U) 

In this expression, 2 . is the mean reading and a is the standard 
deviation. A plot of Eq. (3-11) h given in Fig. 3-2. Note that the 
most probable reading is Xn- The standard deviation is a measure 
of the width of the distribution curve, the larger the value of o, the 
fiatler the curve, and hence the larger the expected error of all the 
measurements Equation (3-11) is normaVited so that the total 
area under the curve vs unity. Thus, 

P(i) <ii - 1,0 (3-12) 

At this point we may note the similarity between the shape of the 
normal error curve and the expected experimental distribution for 
tossing horseshoes as shown in Fig. 3-1. This is what we would 
expect because the good horseshoes player will have his throws 
bunched around the target. The belter he is at the game, the mote 
closely they will be grouped around the mean and the more probable 
will be the mean distance Xm- So, in the case of the horseshoes 
player, a snialler standard deviation would mean a larger percentage 
of “nngers " 

We may quickly anticipate the next step in the analysis as one 
of trying to determine the precision of a set of experimental measure- 
ments through an application of the normal error distribution One 
may ask: but how do you know that the assumptions pertaining to 
the derivation of the normal error distribution apply to experimental 
data^ The answer is that for sets of data where a large number of 
measurements are taken, experiments indicate that the measure- 
ments do indeed follow a distribution like that shown in Rg 3-2 
when the experiment is under control If an important parameter 
is not controlled, one gets just scatter, i c , no sensible distribution 
at all. Thus, as a matter of experimental verification the Gsujsian 
distribution is believed to rcpre<«ent the random errors ifl an adequate 
manner for a properly controlled expenment 

By inspection of (hcGaussian distribution functiou of Eq- (3-11^ 
we see (hat (he maximum probability occurs at x « x. and (be ts-’u-* 
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Fig. 3-2, The Gaussian or normal error 
distribution for tvto values 
of the standard deviation. 


of this probability is 


P(x„) = 


1 

<r •\/2ir 


(3-13) 


It is seen from Eq. (3-13) that smaller values of the standard devia- 
tion produce larger values of the maximum probability, as would be 
expected in an intuitive sense. P(x„) is sometimes called a measure 
of precision of the data because it has a larger value for smaller 
values of the standard deviation. 

We next wish to examine the Gaussian distribution to determine 
the likelihood that certain data points wll fall within a specified 
deviation from the mean of all the data points. The probability 
that a measurement will fall within a certain range ii of the mean 
reading is 

^ ( 3 - 14 ) 

Making the variable substitution 


2 — Km 


cr 
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Table 3-1 Values of the Gaussian normal error distribution 

Values of fhe function for differenf values of tfie ofBornenJ n- (Each 

figure In the body of the table is preceded by a decimal point.) 
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Fig. 3-2. The Gaussian or normal error 
distribution for two values 
of the standard deviation. 


of this probability is 


P(x„) = 



(3-13) 


It is seen from Eq. (3-13) that smaller values of the standard devia- 
tion produce larger values of the maximum probability, as would be 
expected in an intuitive sense. P[x„) is sometimes called a meastire 
of ■precision of the data because it has a larger value for smaller 
values of the standard deviation. 

We next wish to examine the Gaussian distribution to determine 
the likelihood that certain data points tvill fall within a specified 
deviation from the mean of all the data points. The probability 
that a measurement will fall within a certain range i, of the mean 
reading is 


/. 




■V^ 


fix 


Making the variable substitution 


(3-14) 



{T 
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Table 3>1 Values of the Gaussian normal error distribution 

Volue* of the fonclion (l/N/2r)e~»*'* for diffarcnf voluei of the ofowment e- (Each 
figure in the body of the tohle ts preceded by 0 decinol point.) 














Experimental methods for engineers 


Table 3-2 Integrals of the Gaussian normal error function 

Values of the integral 0/V^) fj' 9''’®" 


ment iji. It may be observed that 



The values are related to the error function since 



so that the tabular values are equal to erf (v,/V 2). (Each figure in the body of the 


table is preceded by a decimal point.) 



0.00 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.0 

00000 

00399 

00798 

j 01197 

01595 

01994 

02392 

02790 

03188 

03586 

0.1 

03983 

04380 

04776 

05172 

05567 

05962 

06356 

06749 

07142 

07355 

0.2 

07926 

1 08317 

08706 

09095 

09483 

09871 

10257 

, 10642 

[ 11026 

11409 

0.3 

11791 

12172 

12552 

12930 

13307 

13683 

14058 

14431 

14803 

15173 

0.4 

16554 

15910 

16276 

16640 

17003 

17364 

17724 

18082 

18439 

18793 

0.5 

19146 

19497 

19847 

20194 

20450 

20884 

21226 

21566 

21904 

22240 

0.6 

22575 

22907 

23237 

23565 

23891 

24215 

24537 

24857 

25175 

25490 

0.7 

25804 

26115 

26424 

26730 

27035 

27337 

27637 

27935 

28230 

28524 

0.8 

28814 1 

29103 

29389 

29673 

29955 

30234 

30511 

30785 

31057 

31327 

0.9 

31594 

31859 

32121 

32381 

32639 

32894 

33147 

33398 

33646 

33891 

1.0 

34134 

34375 

34614 

34850 

35083 

35313 

35543 

35769 

35993 

36214 

I.l 

36433 

36650 

36864 

37076 

37286 

37493 

37698 

37900 

38100 

38298 

1.2 

38493 

38686 

38877 

39065 

39251 

39435 

39617 1 

39796 

39973 

40147 

1.3 

40320 

40490 

40658 

40824 i 

40988 1 

41149 

41308 1 

41466 1 

41621 

41774 

1.4 

41924 

42073 

42220 

42364 

42507 

42647 

42786 

42922 

43056 

43189 

1.5 

43319 

43448 

43574 

43699 

43822 

43943 

44062 

44179 

44295 

44408 

1.6 

44520 

44630 

44738 

44845 

44950 

45053 

45154 1 

45254 

45352 1 

45449 

1.7 

35543 

45637 

45728 

45818 

45907 

45994 

46080 

46164 

46246 

46327 

1.8 

46407 

46485 

46562 

46638 

46712 

46784 

46856 ! 

46926 

46995 1 

47062 

1.9 

47128 

47193 

47257 

47320 

47381 

47441 

47500 

47558 

47615 

47670 

2.0 

47725 

47778 

47831 

47882 

47932 

47962 

48030 

48077 

48124 

48169 

2,1 

48214 

48257 

48300 

4834 1 

48382 

48422 

48461 

48500 

48537 

48574 

2.2 

48610 

48645 

48679 

48713 

48745 

48778 

48 S 09 

48840 

48870 

48899 

2 .S 

48928 

48956 

48983 

49010 

49036 ! 

49061 

49086 

49111 

49134 

49158 

2.4 

49180 

49202 

49224 

49245 

49266 

49286 

49305 

49324 

49343 

49361 

2.5 

49379 

49396 

49413 

49430 

49446 ! 

49461 

49477 

49492 

49506 

49520 

2.6 

49534 

49547 

49560 

49573 

49585 

49598 

49609 

49621 

49632 

49643 

2.7 

49653 

49664 

49674 

49683 

49693 

49702 

49711 

49720 

49728 

49736 

2 .S 

49744 

49752 

49760 

49767 

49774 

49781 

49788 

49795 

49 S 01 

' 49807 

2.9 

3.0 

3.5 

4.0 

4.5 

5.0 

49813 

49865 

4997674 

4999683 

4999966 

4999997133 

49819 

49825 

! 

1 

j 

49831 

49836 

49841 

49846 

49851 

i 

i 

49856 

i 49861 
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(3-1 C) 


Valiica of the G&uviati normal error function 


4=' 
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and integrals of the Caus«ian function cojrtspondjng i/> (3-J5) 

are given in Tables 3-1 and 3-2 

If wc have a sufficiently large number of data point*, the error 
for each point should follow the Gauiwian dislnbution and ve could 
determine the probability that^rtain data fall within a speeffied 
deviation from the mean value'^Example 3~l illust ratee the method 
of computing the chancea of finding data points mthm one or two 
standard deviations from the mean (Table 3-3 gives the chances 
for certain deviations from the mean value of the normal distribu- 
tion curve ) 


Exomple 3-4 

Calculate the probabilities that a measuremeot will fall within one 
two, and three standard deviations of the mean value, and compare them 
sith the values m Table 3-3 

5ofi;t/on. U'e perform the calcubtion using Cq (3-15) with qi » 2. 
2, and 3 The values cf the integral may be obtained from Table 3-2 
Wc observe that 

j rfjj = 2 dri 

so that 


f*(I) - (2)(0 34134) - 0 683 
P(2) - (2) (047725) =- 0 954 
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Tabic 3-3 Chances for deviations 
from moan value of normal distri- 
bution curve 

Chitna; of resuUo falling 
Deviation ici'tWn epccificrf <ic«trt(ion ■ 

±0.(l74r),f 1-1 

« 2.IC-1 

21-1 

3,r 350-1 

IJBinn Uic oddH Riven in Taldc 3-:i, we would calculate Uic iirobahilitics ns 

'’(■) ■ iMi " 

Of 

p{2) « 2j-q-i “ 0,054 

'■«> - sari ■ 

In niftny circtiinfllancfis the cngincei' will not be iible to collect 
nfi many data points ns miRht be dcRired and only an appioxiinntion 
to the, OauRsian diHtribution may lie olitained. fClenornlly speaUinf:;, 
I it ifi dcsiniblc to huve about 20 measurements in order to obtain 

reliable estimates of standard deviation and general validity of the 
dat-a. For smaller sets of data it. is recommended that the following 
relation be used as the best estimate for the standard deviation; 

^ (*, - x„y 

- /'J ITS 


Note that the factor n — 1 is used in lOq. (3-17) instead of n as in 
Eq. (3-7). ^ 

It i.s a rare circumstance indeed when an experimenter docs not 
find that some of his data points look l)ad and o\i1. of ))lacc in com- 
parison with the bulk of tlio data. He is therefore faced willi the 
task of deciding if these points arc the resnlt of some gro.ss exiicr- 
imental bhmder and hence may be neglected or if tiicy represent 
some new type of physical plrcnomcnon which is iioeuliar to a certain 
operating condition. The engineer cannot just throw out those 
poiuts wduch do not fit Ins expcet.ations — he must, have some con- 
sistent basis for elimination. 

Exompio 3-5 

Calculate the best c.sUmutc of standard deviation for the data of 
Kxample 3-2 hosed on Eq. (3-t7). 

S2 
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SoM'on. The calculition pvw 
" - [io^ ” - W-3M5)I - 06J7 II 

Suppose n mea.«uremenls of & quantitj are taken and n 5« IvrfT 
enough that may expect the results to follow the Gause-Ian eT\'? 
distribution. This distribution may be u*ed to rompnte the p■^'S' 
ability that a given reading n-ill deviate a certain amount 
mean. We would not expect a probability much smaller than \ ^ 
because this would be unlikely to occur in the set of n n'caa-.irc* 'r 't*. 

Thus, if the probability for the observed deaialion of a octta ',v'' ' i 
is less than I/n, a su«piciQUs eye would lie east at that j\''“t woh an 
idea toward eliminating it from the data .\rtua*l». a 'v‘«v 
restrictive test is uaually applied to eliminate data tv •.». li -a 
known as CAaurenci'a enfmon and apeofica that » x*.- -.t / as K- 
rejected if the probability of obtaining the partial »• o.a-a' ss' "nm 
the mean is Icsa than l/2n Table 3-4 lists xal.ic' \a iW *, a' sv 
deviation to standard deviation for various a-ahv'W s •.v- 

this criterion. 

In applying Chauvenet’s criterion to chr-'uate s'is’-s 

points one first calculates the mean value ar\l s'»->>icv. As •*' v.‘ 
using all data points The deviations of the t“-.'hsv',.s \\sv,\ w 
then compared wnth the standard dcMaiu'ii v' tVe 

Information in Table 3*4 (or by a ditvit app’ .-sivs-vv 
and the dubious points arc eliminntcil iK* r-'.i.' v s 

Table J*4 CSsausemtH for ’pf. 

JeeWng » 

t-w * « r"-N • • 

»,v V*— J-.' » > . 

.Nfc-v-e 



tv* 


vV* 

IW 

Son 

tum 
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tion a new mean value and standard deviation arc computed with 
the dubious points eliminated from the 

Chauvenet’s criterion might be applied a second or ^ 

eliminate additional points; but this practice is unacceptable, and 
only the first application may be used. 


Example 3-6 

Using Chauvenot's criterion, test the data points of Example 3-2 for 
possible inconsistency. EUminatc the questionable points, and calculate 
a new standard deviation for the adjusted data. 


Solution. The best estimate of tlic standard deviation is given m 
Example 3-.5 as 0.627 ft. We first calculate the ratio di/cr and eliminate 
data points in accordance with Table 3-4. 


Reading 


ii 

a 


1 

2 

3 

4 

5 
0 

7 

8 
9 

10 


0.499 

0.187 

1.845 

0,563 

2.046 

0.260 

0.761 

0.043 

0.314 

0.218 


In accordance with Tabic 3-4, we may eliminate only paint, number 5. 
When this point is eliminated, the new mean value is 


2„ = i(51.80) = 5.756 ft 


The new value of the standard deviation is now calculated with tiic follow- 
ing table: 


Reading 

di = Xi - x„ 

(x, -x„)’X 10’ 

1 

-0 436 

19.010 

2 

-0.02G 

0.0676 

3 

1.034 

106,916 

4 

-0.496 

24.602 

6 

-0.306 

9.364 

7 

0.334 

11.156 

8 

-0.116 

1.346 

0 

0,054 

0.292 

10 

-0.006 

0.0036 


S4 
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" ■ [r^ i “ »->']' ■ I* <'•”*)!' 
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Thus, by the elimination of the one point, the tUodard deviation has been 
reduced from 0.027 to 0.465 ft. Tina la a 256 percent reduct iore 


3-8 THE CHI-SQUARE TEST 
OF GOODNESS OF FIT 

'^n the prcvnous discussion wc have noted that random cxpenments! 
errors would be expected to fotlow the Gaussian distribution, and the 
CYampIcs illustrated the method of ealcuIaiinR the probability of 
occurrence of a particular experimental determination We mi^ht 
ask how it is known that the random errora or deviations do approx- 
imate a Gaussian distribution. In ceneral. we may ask hoa* we ran 
determine if experimental ob«er>'ation8 match some partieular 
expected distribution for the data As a simple example, consider 
(he tossinK of a coin We would like to know if a certain coin is 
‘Tionest,” i.e , unwciRhted toward either heads or tails If the coin 
is unn'cighted, then heads should occur half the time and tails should 
occur half the time. Out suppose we do not want to take the time to 
make thousands of tosses to fiiet (he frequency distribution of heads 
and tails for a larpc number of tosses Instead, we teas the coin a 
few limes and wish to infer from these few lows whether the com is 
Unweighted or weighted Common sense tells us not to expect 
exactly six heads and six tailsout of. say, 12 toA«es But how much 
deviation from this arrangement could we tolerate and nlill expert 
the coin to be unweighted? The chi-square test of goodness of fit is 
a suitable way of answenng this question It is based on a calcula- 
tion of the quantity chi squared defined by 


V [(observed value). — (expected value),)* 
L (expected vali»)« 


where n is the number of observations The expected s-alue is the 
Value which would be obtained if (he measurements matched the 
expected distribution perfectly. 

The chi-squared lest may be apphed to check the validity of 
various distributions*^ Calculations have been made [2] of the ; 
ability that the actual mcasuremenls match (he expected disl 
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lion, and these probabilities arc p\-cn in Table 3-,'. In this tabic, 
F represents the number of degrees of freedom in the ineastiremenls 
and is given by 

f - n ~ i (3.10) 

where n is the nundwr of observations and JL is the nuinber of imposed 
conditions on the expected distribution A plot of the chi-squared 
function Is given in Fig. 3-3 

While initiated the discussion on the chi-squared test in 
terms of random errors following the Gaus.«ian distribution, the le»t 
IS an important tool for testing any expected cxpenmenlal distribu- 
tion. In other words, uc might use the lest to analyze random 
errors or to check the adherence of certain data to an etpccted dis- 
tribution. We interpret the test by calculating the numlier of 
degrees of freedom and x* from the cxpernnental data Then, 
consulting Table 3-1, nc obtain the probability F that this \alue of 
X*, or higher values, could occur by chance. If x* ■ 0, then the 
a-ssumed or expected distribution and measured distribution match 
exactly. The larger the value of x*. the larger is the diMtrrccmenl 
between the aasunied distribution and the observed saluc-«, or the 
smaller the probability that the observed distribution in.Mches the 
expected distnbution The reader should consult Refs |2I and M) 



Fig. 9-3. Tti« chl-tquared furtctlen. 
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{ov movo !(iioo,i!u' iwfovwrtHon on tlw and (ho dorivn- 

lion of (ho pvohaldlifioa aaaooii\(«il witl> it. 

Olio, may itofo <t\a(. (.ho iioaiiitin; of (Ida aootiim iiioludoa (he (ovm 
'*(i;«od!\0!w ol" (i(," Wo aee tlm(, (lie ohi-aqiiarod tool, may ho ((sod (n 
dotocmilio. how mood aao.tot oxjiorhKontnloiisoi'vatioiis lit, a ao assoiKod 
diat('ih((((oi(, li( oo((((oot(oi( \vi(U (hia (oat. wo may voioack tliul data 
may aood'ttiooa l(o "too mood" ov "too oo((a(ato((t." \''oi' (maoijile, 
we wo((hl he q((ite soiqwised (f io (he eooddot of ao expeimoeotid 
tost, the roadlta were foood to otieoh witli theory o.rin'K;/ or to follow 
aomo. weh-det’iiiod volat io»ahii> oxnotly , NYo ( 0 ()i.ht (hid, for “mat aoee, 
(hat. a (om))erat.(ii'o oootvollor maiotahied a ri't )(ohit lom)>ora((ire 
o,riio/h/, witli 1(0 moaaiirahh' dovialioa wlialaoovor, Mxporiooood 
lahoratory pooplo know dial oonirollora usually do not. o])ora(o Ihi.s 
way, ami woiihl immodialely sospooi (hat Iho tomperadiro rooordei- 
mi|d(l he al.do.h or othorwiio d(>f('oiivo, 'I’ho point of (Ids liriof 
roniarh is dial one miia( hi- auapioimia of Idid' vahios of /’ as well as 
1 o(v Values, A mood vuli' of tioooh ia that if I’ lies hetweeii (hi and 
(hit, (he ohaovvod disinhodoo may he ooosidored to follow the 
assumed diatrilmtarn. If /’ \a either losa than thtli ov mt'Oatov than 
(hthS, (he aaaumod diatrdnuiou may he eouaidered imlikely, The 
use of (lie ehi-aqoaved teat ia ilhiatralod In the (ollowinm examples. 


r;Koia|ilo 3-7 


't’wo dire are veiled tOO (iaies, ami the follinviar, results are iioled: 
A'tiiiilii‘1' A’aiiiliri- «/ or<'iintiii'i'.i 
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(kdoulate the mvohatdlity (.hat the dtoo are uulmaled. 

SoMi'oii, hlovea ohsorvalioiiK have lieea avide with ealv otie m.siru'- 
ion. the mnuher of mli.s of the diee is ^ j] i _ ,0 

if (he dire are mdoaded, a short Ihiitm of the eewldaatieiw of the dice wtli 
f,iM the piohaldllty of oeourn'iiea for eaoh mnaher. The expeoted value 



AnafnU vt •tp^Hrmntal dtta 


of each number i? then the probability mnltipbedby JOO. the total number 
of throw 8. The valuea of interr^l are tabulated below. 


Ntifnhtr 

Obterred 

Prohabtltl]/^ 

Erjmitd 

2 

2 

1/30 

2 778 

3 

3 

1/lS 

3 330 

4 

9 

1/12 

8 333 

5 

12 

1/9 

It Hi 

« 

14 

3/30 

13 889 

7 

Id 

1/C 

16 687 

8 

13 

5/38 

13 &S9 

0 

13 

1/0 

li ill 

10 

8 

1/12 

8 333 

11 

4 

1/lB 

4 44C 

12 

* 

1/30 

2 778 


From the«e data the value of chi equaretl h calculated a^ 3 If Table 
3-J!i Is eonvulled, the probability ta calculated aa F «• 0 937 


Example 3*8 

A com 14 tossed 10 time4r«iultmx in three liead* and sewn tail* rein* 
the chi-squsred test, eitimate the probability that the com i< unarichted 
Suppose another set of to«.«e« of the same com i» made eurh that four head* 
and ait tails are obtained UTia 1 1 * the probability of hav me an un« eiehted 
coin ba<ed on the information from both aet« of data? 

Solution For each set of data »e mav maVc only two ob*ervatii>n* 
the number of heads and the number of tail* Thu*, n - 2 Further- 
more, we impo«e one restnction on the data the number of to**ps is fieed 
Thus I m 1 and the number of decrees of freedom is 

F-n-i;-2-l -1 

The values of interest are 



OJ^erred 

ErptrUd 

Utad» 1 

3 

5 

Tailt 

7 

5 


For these values, x’ calcolateil as 
. (3 - S)« . (7 -3)« , „ 
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Consulting Table 3-5 we find P == 0.22, that is, there is a 22 percent chance 
that this distribution is just the result of random fluctuations and that 
the coin maj' be unweighted, 

Kow consider the additional information we gain about the com from 
the second set of observations. We now have four observations: the num- 
ber of heads and tails in each set. There are only two restrictions on the 
data; the total number of tosses is fixed in each set. Thus, the number of 
degrees of freedom is 

= 4- 2 = 2 

For the second set of data the values of interest are 



Ohifrvcd 

ETpecUi 

Uta^s 

4 

h 

Taih \ 

6 1 

o 



Chi-squared is now calculated on the basis of all four observations. 


(3 - 5)- 


n - 5)^ ^ (4 - 5)^ ^ (6 - 5)» ^ 2 0 


Consulting Table 3-5 again we find P - 0.39, So, with the additional 
information we find a stronger likelihood that the tosses are following a 
random variation and that the coin is unweighted. 


Excmple 3-9 

A test is conducted to determine the effect of cigarette smoke on the 
eating habits and weight of mice. One group is fed a certain diet tvhile 
being exposed to a controlled atmosphere containing cigarette .smoke. A 
control group is fed the same diet but in the prasence of clean air. The 
obsersmtions are given below. Does the presence of smoke cause a loss 
in weight? 



Gained 

ueighi 

Losl 
leeight i 

Total 

Bxpottd lo emohe 

61 

S9 

ISO 

Ezpoted lo ckan air 

65 

77 

142 

Total 

126 

1 

166 

292 


K) 
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SoM'on "Clfarly, there are fwir observation.* in thi* experiment 
but a c are faced a ith the problem of deddinn on the expected values. We 
cannot just take the "clean-air" data as the expected values because some 
of the behavior miftht be a reault of the special diet which b fed to both 
groups of mice. Consequently, about the best estimate we can make b 
one based on the total sample of mice. Thas, the expected frequencies 
would be 

Expected fraction to gain weight — 

Expected fraction to lose weight • 

The expected values for the groups would thus tie 



Goxntd weigtc 

Lott wvi^Af 

Exp«»*d to omokt 

HI180 - 7 

UllSO-U 3 

Expottd to titan atr 

ii|M2 - 61 3 

^]I43-M)7 


We observe that there are three restriction.* on the data f1) the number 
exposed to smoke, (2) (he number exposed to clean air, and (3) the aildi- 
tional restnction involved m the calculation of the expected fraction* which 
gam and lose weight The cumber of degrees of freedom i« thua 

The value of cht squared is calculated from 

. (61 - M.7)» , (89 - 85J)‘ . (65 - 6IJ)’ . (77 -807)’ 

X* wj + Ml 60 -““607 ° 

From Tabic 5-5 we find P •• 0 41, or there i* a41 (>efeent chance that the 
difference in the observations for the two group* i* just the result of random 
fluctuations One maj not conclude from this informatinn that the pre«enre 
of cigarette smoke cause* a Io*s m weight for the mice 


3-9 METHOD OF LEAST SQUARES. 

Suppose we have a set of observations n, X|, . . , z» The sum 

of the squares of their deviations from some mean value is 


S - j (r, - X,)' 
i-I 


(.3-20) 
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Now suppose we wish lo miniiuizo S wiih respccl io the lucivu value 
x„. We sot 


C2 


« 0 = y ~2{X! ~ Xr.) = -2 (y - «J'n) (>^-2^) 

where n is the number of observations. We find fhnt 


1 Y 
n I 


(.V22) 


or the mean value which minimises t he s\ini of t)io square.s of the 
deviations is the aritiunetic mean. This example might be called 
the simplest application of the method of least squares. We shall 
be able to give only one other application of the method, hut it is of 
great utility in analysing experimental data. 

Suppo.so that the two variables x and i/ are measured over a 
range of values. Supiro.se further that we wish to obtain a simple 
analytical cxprc.ssion for // as a function of ,r. The simplest type of 
function is a linear one; henec we might try to estahli.sh y ns a linear 
function of ;r. (lloth x aiul i; may he complicated functions of other 
parameters so arranged that x and y vary appvoxiinately in a linear 
maimer. This matter will he disonssed later.) The proidom is one 
of finding the best linear function, for the data may .scat ter a con- 
.sidcrable amount. We could solve the problem rather quickly by 
plotting the. data points on gr.aph p.apcr and drawing a straight line 
through them hy eye. Indeed this is common practice, but. (ho 
method of least squares affords an opportunity to obtain a bettor 
fvmet ional rclat ionsbip than by t he gucs.swork of plot t ing. We seek 
an equation of the form 


1 / — nx d' I) 

We tboreforc wish to minimir.c the quantity 

v-r 


(3-23) 


(3-24) 


This is accomplished hy setting the dcrivative.s with respect, to n and 
h equal to aero. Performing these operations there results 

7ib d- nSXi = Si/,- 
bSx,- d' oSxi’ = Xxtiji j 


(3-2.1) 

(3-2G) 
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Solving Eqs. (3*25) and (3-26) simultaneously gi^s 

nSx.yt - (Zg,)(Sy.) 

“ n2x.* - (£x.)* 

. (Sy.)(£x.«) - (Zx.i/0(Sx,) 

° “ nSx.* - (2x.)‘ 


(3-27) 

(3-28) 


The method of least squares may also be used for determining higher 
order polynomials for fitting data. One only needs to perform 
additional differentiations to determine additional constants For 
example, if it were desired to obtain a least squares fit according to 
the quadratic function 


y = az* + bx + e 
the quantity 


>•1 

would be miniinirod by sotting the following denvatives equal to 
zero 


d<t 


0 


3S 

3b 


0 


de 


0 


The solution for the values of a, b, and c is more tedious than in the 
linear case but is equally straightforward. Example 3-10 gives a 
simple illustration of the application of the method of least squares 
to the determination of a linear function to approximate a set of 
experimental data 

In the above discuasion of the method of least squares no men- 
tion has been made of the influence of expcnmental uncertainly on 
the calculation We are considenng the method primanly for its 
utility in fitting an algebraic relationship to a set of data points. 
Clearly, the various x. and y. could have different expcnmental 
miccrtamties To take all these into account requires a rather 
tedious calculation procedure which we shall not present ere, ow 
ever, we may state the following rules 

I H Ihc values of i, and v, are laken aa Ihe data value in V and the 

value of I on lAe ^tud rurrr/ortte some tofue 0/ V. then there is 

presumption that the uneertatnlyinaia large compared tslth that 

m y. 
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Z. If the values of xi and yi arc taken as the data value in y and the 
value on the fitted curve for (he same value of z, the presumption 
is that the uncertainty in y dominates. 

3. If the uncertainties in x,- and yi are believed to be of approx- 
imately equal magnitude, a special averaging technique must 
be used. 

In Example 3-10, rule 2 is assumed to apply. 


Exomple 3-10 

From the following data obtain y as e linear function of x using the 
method of least squares; 


yt 


1.2 

1 0 

2.0 

! 0 

2.4 

'1 4 

3.5 

4 0 

3.5 

5.2 

Xyi ■= 12. G 

21. 1.5 2 


Solution. We seek an equation of the form 
y = ax + b 


Wc first calculate the quantities indicated in 



X.' 

1.2 

1 0 

3.2 

2.5G 

8.IG 

11 50 

14.0 

ICO 

18.2 

27.04 

44.76 

rx.’ = .58.10 


the iollowmg table: 


We calculate the value of a and 6, using Eqs. (.3-27) and (3-28) with n = 5; 

(5)(44.7G) - (1.5.2){12.G) 

“(5)(.58.16) - (15.2)’ ■ 

(12.6)(S8.)G) ~ (44.70){15.2) 

(5) (58.1 6) - ITUW 0-879 

Thus, the desired relation is 


a = 

b = 


U 


y = 0.54Qx + 0.879 



Arulyilt af •iptrtrmntal daU 


A plot of His reliition .nd Iht d»t« pomi, f„„ ,hi,h it dtrisTd is 
ehonn in the nccompanjing figure 



3-10 STANDARD DCVIATtON OF THE MEAN 

We have taken the arithmetic mean value aa the beat eatimate of 
the true value of a act of experimental meaauremenis Considerable 
discussion has been demoted to the Gaussian normal error distnbu* 
tion and to an examination of the various types of errors and devia* 
tions which may occur in an ctpcrimental measurement But one 
very important question has not >ei l»een answered, i e , how fooA 
(or precise) is this arithmetic mean \alue which is taken as the best 
estimate of the true value of a eel of readings? To obtain an 
experimental answer to this question it would be neee5.s.ary lo repeal 
the set of measurements and find n new anthmeiie mean In gen- 
eral, wc would find that this new arithmetic mean would differ 
from the previous value, and thus we would not be able to resolve 
the problem until a large number of »ct* of data were collected 
We would then know how well the mean of a single wl approximated 
the mean which would be obtained with a large number of sets 
The mean value of a large number of acts is presumably the true 
value Consequently, we wish lo know the standard donation of 
the mean of a single set of data from this true value 

It turns out that the problem may be rcsoh-ed with a statistical 
analysis which we shall not present here The result is 


Vn 


cs 
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~tandard deristton of lie xzz’sn rsl'je 
“Lsrcsrd derrisrca of ibe set of rtearersments 
: -Etinibcr of inBasttrsnisals In *-n= set 


33 .: 


•le flhtrtrst'es tie ose of x^c. {,5-23 ;• 


Bccr-.pis 3-11 

"cr zhi dsis. o: ~t».— 3.2. tns cx frr-alsTy is lie cal'ni'hted 

* • « 


S^Jv-fon. i\esh3ll risit* ti:? :zt Ihe c-r:;ii^ data snd for the 

di^ts of F-rtbr :T:pi.£;l d-i.i “be -tLndsrd d^Tistson 

vf •— 


0.527 



v.liii n 



ra^-p-e 3-2 -ae = 5.613 ft. 
is vaixe by ■urine Ibe odds of 


5.513 

± O.IJS ft 

12.15 to 

-5.513 

± 0335 ft 

(21 to 1} 

5.51-3 

± 0.534 ft 

'355 to 1; 



-iirrfrxst'&d bv 
:S 353.11 -.-sItlS 
? ca! misted as 





= 0.155 ft 


slue c: 5.T56 ft. 


r.5 = 5.756 ± O.I. 5.5 ft 
= -5.7.55 d: 0310 ft 
= 5 .T .53 ± 0.455 ft 


f2.I5 to 3) 
m to 1) 
' 3.5570 1 ) 


its Ins ■U2.o2rt2.5atv as 


6? 
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3-H GRAPHICAL ANALYSIS 
AND CURVE FITTING 


Engineers arc well known lor tWir ability to plot many fur\-r^ of 
experimental data and to extract all sorts of significant facts from 
these curves The better one understands the physical phenomena 
involved m a certain CTpcrimcm, the letter he is able to extract 
a wide variety of information from graphical di«plays of experinienla! 
data Because these physical phenomena may encomps»s *11 
engineering science, we cannot discuss them here except to cmpha«iie 
that the person who is usually most »uccc*sfu] m ttnulyiinR experi- 
montal data is the one who understands the ph>«ical procews 
behind the data Blind curve-plotting and cross-plotting usually 
generate an excess of displays which arc confusing not only to the 
management or supervisory personnel who mu«t pass on the experi- 
ments but are sometimes even confusing to theexperimfiitcr Innisclf 
To be blunt, the engineer should give considerable thought to the 
kind of information that he is looking for before he ever takes the 
graph paper out of the package 

Assuming that the engineer knows what he wanl« to examine 
WJlh graphical presentations, ihepht^mayin: rarefuDy prepared anil 
cheeked against appropriate theories Frerjucntly, a eonflahcm of 
the experimental data is desired m terms of an analytical expression 
between variables which were measured in the experiment When 
the data may be approximated by a straight line, the analytical 
relation is easy to obtain, hut when almost any other functional 
variation is present, difficulties are usually enrouiitcred This fan 
is easy to understand since a straight line is ea“ily reeognixahle on 
graph paper, whereas the functional form of a curs e is rather doubt- 
ful The curve could be a polynomial, exponential, or roniplicaleil 
logarithmic function and still present roughly the aaine appearance 
to the eye. It is most convenient, then, to try to plot the d.sla in 
such a form that a straight line will be obtained for certain types of 
functional relationships If the experimenter has a good idea oJ 
the type of function that will represent the data, then the tjpo of 
plot is easily selected He frenucntly is able to esliniale ibe fiinr- 
tional form which the data will lake on the basis of theoretical .-on- 
siderationa and the results of prcxious expenments of a similar 


nature. 

Tabic 3-0 summarizes several different types of fumiion- 
plottmg methods which may be used to produce sir.sighi bw 
graph paper. The graphical measurements which max Ih’ m i 


Experimental methods for engineers 


Table 3-G Methods of plotting various functions to obtain straight lines 


Functional 

relationship 


Method of plot 


Graphical dcierfnination of parameters 


1 + 6 y versus x on linear 

paper 

















ArutytU «(p«H'n*«iUI rfiU 


Tabift 3’6 Methods of piottlnc various functions to obtain stnlcht lines 
(Continued) 

P- 


FancItoMl 

re}a<iOn«h<}> 


}!it)io4 ef plM 


Cnphitai d-ffminoii^n of p«ranrif’ 
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determine tire various constants are also shown. It may be remarked 
that the method of least squares may be applied to all these relations 
to obtain the best straight line to fit the experimental data. 


PROBLEMS 

3-1 The resistance of a resistor is measured 10 times, and the 
values determined are 100.0, 100.9, 99.3, 99.9, lOO.l, 100.2, 
99.9, 100.1, 100.0, and 100.5. Calculate the uncertainty in 
the resistance. 

3-2 A certain resistor draws 110.2 volts and 5.3 amp. The uncer- 
tainties in the measurements are ±0.2 volt and ±0.06 amp 
respectively. Calculase the power dissipated in the resistor 
and the uncertainty in the power. 

3-3 A small plot of laud has measured dimensions of 50.0 by 150.0 
ft. The uncertainty in the 50-ft dimension is ±0.01 ft. 
Calculate the uncertainty with which the 150-ft dimension 
must be measured to ensure that the total uncertainty in the 
area is not greater than 150 percent of that value it would have 
if the 150-ft dimension were exact. 

3-4 Two resistors Ri and Rj are connected in series and parallel. 
The values of the resistances are 

Ri = 100.0 ± 0.1 ohms 
Rt = 50.0 ± 0.03 ohms 

Calculate the uncertainty in the combined resistance for both 
the series and the parallel arrangements. 

3-5 A resistance arrangement of 50 ohms is desired. Two resist- 
ances of 100.0 ± 0.1 ohms and two resistances of 25.0 ± 0.02 
ohms are available. Which should be used, a series arrange- 
ment with the 25-ohm resistors or a parallel arrangement with 
the 100-ohm resistors? Calculate the uncertainty for each 
arrangement. 

3-6 . The following data are taken from a certain heat-transfer test. 
The expected correlation equation is y = ax’'. Plot the data 
in an appropriate manner, and use the method of least 
squares to obtain the best correlation. 
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33-2 TC-iO 

32 0 2J.S0 

42.7 23«0 

57 8 3=» 

126.0 3570 

17 4 ICM 

21.4 2130 

27.8 2420 

52 I 2900 

43.1 3310 

IS 8 1029 

19 2 1240 

IS 1 1360 

12 9 1710 

78 5 2070 

Calculate the mean de^nation of thcsr data frorj iKe hc<*. 
correlation- 

3-7 A horseshoes player stand? 30 ft from his tarfwt. The rms'ts 
of the losses are 

D^naiiv^ fn’^ 

Tou tarfri, ft 

1 0 

2 -^3 

3 -4 2 

4 0 

6 +15 

6 +2 4 

7 -2 6 

8 +3 5 

9 +2 7 

10 0 

On the basts of these data would you say that he is a pootl 
player or a poor player’ What adxnre would you p^e in 
regard to improving his game’ 

3-8 Calculate the probability of drawing a full hou«c (thn'c of n 
kind and two of a kind) in the fir^t 5 cards from a 52-eanl deck 
3-9 Calculate the probability of filling an in*'idc straight wiiSi one 
draw from the remaining 4S cards of a 52-rard deck 
3*10 A voltmeter is used to measure a known >oltBge ol 100 \nli- 
Forty percent of the readings arc within 0 5 volt of tin- < nu 
value. Estimate the standard deviation for the m. trr 
What is the probability of an error of 0 75 toIi’ 
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3-11 In a certain mathematics course the instructor informs the 
class that grades will be distributed according to the following 
scale provided that the average class score iS lo: 


Grade Score 

A 90-100 

B 80-90 

C 70-80 

0 60-70 

F Below 60 

Estimate the percentage distribution of grades for 5, 10, and 
15 percent failing. Assume that ere just as many A s 
as F’s. 

3-12 For the folloiving data points y is exf-ected to be a quadratic 
function of a:. Obtain this qundrs'.'c function by means of a 
graphical plot and also by the method ot least squares. 


X 

1 
2 

3 

4 

5 / 

3-13 It is suspected that the rejection rate for a plastic-cup-molding 
machine is dependent on the temper.at ure at which the cups are 
molded. A series of short tests is conducted to examine this 
hypothesis with the following re.sult.s- 


V 

1.9 

9.3 

21.5 

42.0 

115.7 


Temperature 

\ 

t Total ’prodxtclion 

rejected 

T, 

150 

12 

T, 

75 

s 

T, 

120 

10 

T, 

200 

1 

13 


On the basis of these data do you agree with the hypothesis? 

3-14 A capacitor discharges through a resistor according to the 
relation 

E 

tL s, f.-(/RC 
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where 

Ei = voltage at time zero 
R *= resistance 
C *= capacitance 

The value of the capacitance is to be measured by recording 
the time necessary for the voltage to drop to a value Ei 
Assuming that the resistance is known accurately, deri%'c an 
expression for the percent uncertainty in the capacitance as a 
function of the uncertainty in the measurements of E% and (. 
3-15 In heat-exchanger applications, a log mean lempcrature dif- 
ference is defined by 

AT - ~ - T.,) 

in {(r*, - r J aK, - rji 

where the four temperaturesare measured at appropriate Inlet 
and outlet conditvons for the heat-exchanger fluids. Assuming 
that all four temperatures are measured with the same absolute 
uncertainty ter, derive an expression for the percenlspe 
uncertainty m AT« in terms of the four temperatures and the 
value of Wf . Recall that the percentage uncertainty is 

^■xioo 

3-16 A certain length measurement is made with the following 
results: 

Rtading s, »n. 

1 49 36 

2 SO i2 

3 4S t>S 

4 49 24 

5 49 36 

e 50 56 

7 49.18 

S 4S 89 

8 49 33 

10 49.39 

Caieuiatc the standard deviation, the mean reading, and the 
uncertainty. Apply Chauvenet'a criterion as needed 
3-17 Devise a method for plotting the Gaussian normal error 
distribution such that a struct line niU result (dn» 
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(1 [r]) In iVSr P(i;)] versus t,. ) frho— hov fjcb a plot nosy be 
labeled so tbat it can be used to estimste. tbe fraction of 
points TTbicb lie belo'w a certain value of r. Subsequently 
sbov that this plot may be used to in%-e=t;cate tbe normality 
of a set of data points. Apply ibis reasoning to tbe data 
points of Example 3-2 and Probs. 3-5 and 3-7. 
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chapter it 


Basic electrical measurements 
and sensing devices 


4-1 JNTRODUCTfON. 

A large majority of measuring device* cither use aotne basic eWlncal 
pnnciple for their operation ot rely on an elcclronic dence for the 
mtcrmediatp modifying and final readout •fage* As a cos v.quenfe, 
it IS to our adi’nnlage to <lisru«s joine of the more imjxirlnnt elcetnr 
dences rurrently employed and to emphvue their relationship In 
the incasurcnient oroce*5 IVe rhall first consider the measurement 
of the basic electrical quantities of current and voltage N*ext, ue 
shall examine some simple circuits which may lo* ii«c<J for niodifira- 
tion and measurement of input signafs The physical principle^ and 
operating characteristics of some of the more important electnc 
transducers ivil] then be studied and their appiiration indicated 
In all the /oI/oMvng t/ifci;s*ioindHceort«idenifion mu«f be given 
to impedance matching The prinopJes of matching were di vu*sed 
in Sec 2-9, and the reader "houW keep this di«ru'»ion in mind as the 
fTposifion of the present chapter progresses 

*-2 THE MEASUREMENT OT CURRENT 

If a point charge of q coulombs moving with a velocity r iv acted 
upon by an electnc and iiisgneSic field, the resulfant force on the 
point charge is given by the basic relation 

+ P X S) newtons 

where 

£ •= electric field intensity, volfs/m 
f =» velocity, m/sec 
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(1 /ij) In [V^ PWl versus i). ) Show how such a plot may be 
labeled so that it can be used to estimate, the fraction of 
points which lie below a certain value of t;. Subsequently 
show that this plot may be used to investigate the normality 
of a set of data points. Apply this reasoning to the data 
points of Example 3-2 and Probs. 3-6 and 3-7. 
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chapter A 


Basic electrical rneasurements 
and sensing devices 


l-l INTRODUCTION. 

A large majority of measuring devices either use some basic electrical 
pnnnple for their operation oi rely on an electronic device for the 
intermediate modifying and final readout stages As a consequence, 
It Is to our advantage to discuss .some of the more important electric 
deflces currently employed and to emphasize their relationship to 
the measurement process Wc shall first consider the measurement 
of the basic electrical quantities of current and voltage Next, we 
shall examine some simple circuits which may be used for modifica- 
tion and measurement of input signals. The physical principles and 
operating characteristics of some of the more important electric 
transducers will then be studied and their application indicated. 

In all the following discussions due consideration must be given 
to impedance matching. The principles of matching were discussed 
in Sec 2-9, and the reader should keep this discussion m mind as the 
exposition of the present chapter progresses 

<•2 THE MEASUREMENT OF CURRENT 

If a point charge of g coulombs moving with a velocity r is acted 
upon hy an electric and magnetic field, the resultant force on the 
point charge is given by the basic relation 

P”5(£ + tixS) newtons (4-1) 

«hert 

® electric field intensity, voUs/m 
* " velocity, m/sec 
*= magnetic flux density, webera/m» 
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Fig. 4-1. Current-carrylnc cenductor In n mag- 
netic field. 


Now BupposG that a current-carrying conductor if; placed in a 
magnetic field as shown in Fig. 4-1. Let us consider the case where 
E = 0. The electric current through the conduci or is the time rate 
of motion of charge or 

i = ^ (4-2) 

dr 

We could write 

ids == vdq (4-3) 

dr 

and the force exerted on the charge is given by Efj. (4-1) as 
dF = d<j(5 X Ti) ■= t d« X a (4-4) 

for a = 0. Integrating along the length of the conductor, 

Fr=l^idsy.ri (4-5) 

If the magnetic flux vector and length vector are oriented at an 
angle of 90°, Eq. (4-5) becomes 

F = BiL (4-6) 

Equation (4-0) gives the magnitude of the force on a current-carry- 
ing conductor placed at a right aj>gle with rc.spect to a magnetic field. 
In order to integrate Eq. (4-5) and obtain Eq, (4-6) it has been 
assumed that end eflects on the conductor arc negligible and that 
the region L is sharply defined so that the magnetic field is zero 
outside this region and constant inside the region. 
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Fit- ^2. Currtnt<«3irrylnr wll In • m>|n«tlc flali). 



Clearly, the above principles maybeusc^ lo wn^truct an instru- 
ment to measure electnc current We construct a coil, as shown in 
Hg. 4-2, place it in a magnetic field, and measure the ^rcc eterted 
on the coil aa the result of the eleeinc current If the cojI h\s X 
turns and the length of each turn in the magnetic field is //, the force 
on the coil U 


F - yea 


(4-7) 


The force is measured by obsemng the deflection of a force-rcstram- 
log device such as a spring The above principles form the bs*is of 
ths construction of the mirror galvanometer shown m Fig 4-3. A 
permanent magnet is used to produce the magnetic field, while the 
telescope arrangement and expanded scale improve the readability 
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Fig. 4-4. D'A.reenYaI morsment used as a 
poirrier-type Instrument. 


of the 5n=tru!Tieii1. Tn? jr.^tcr shovni m Fig. 4-3 Ls de.sigiiated as 
the D’Arsonval T^.o^^ne-'•o^’i t:.'p3. The n-.iitcl nbbon fum5slie.= the 
torKODal-spriEg restran.ing force :t) Ifds case, '.vhile a filamentary 
E’lHpeiiEior! v.'oijld be used for a more sensitive instrument , 

Instead of the mirror and jight-bsain arrangement sho'ATi in Fig. 
4-3, the D’Arsonval rno'-'ernern could be used as a poinier-tj’pe 
i.nstnjine-ut, as .shoT.-n i.o Fig. 4-4; loos.-ever, such an instrument Fas a 
loover ser!.siti''.'5ly than the m1r."or galvanometer because of the addi- 


Table 4-1 Typical galvanometer characteristlcst 


C’ef.itn;c;;OT 1 

per cr t 

divitiKm 

Period, 

1 

j PeHtioTtCe. oh'^’it 

Eritrr.al i 

efts' : 

1 

Coil 


o.ooyji 

40 

100,000 

500 


O.OWdtca 

20 


i^fV) 


0.0305 

0 

I^MmW 

050 


0.005 

1.5 


500 


EngRjHjl 

7 

10 i 

30 



5 

40 

10 



i .5 

40 

21 

7’cvf 

0.000-5 AS 

i 

2.3.000 

5.50 

c-5!-.csI ] 

0.105 ps 

-3 1 

0,000 ! 

-1,000 


0.05 

2 ! 

2,-500 ^ 

350 

j 

0..5 AV 

o 

50 

17 

j 

2.5 A-.- 

2 

12 j 

13 


2.5 $r,- 

2 

50 ! 

13 

J 0--5 p5r-;!^T 

O-OcO^a 

-5-3 

42,000 

1,900 



3.5 

1 0,000 

1.000 


BESH 

3 

950 

250 


40 IT.- 

4.-5 

30 

10 


2^,0 ;n.' 

V 

i -50 

20 

• 1 ^ 2*^. , f-r 



• -o 5r.-eene;.- J.Sj. 
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fional ma«9 of the pointer and derfea.«cd readability re*ullinK from 
the relatively shorter scale lenRlh The fen«itmtie8 of various 
commercial galvanometers as compiled by Sweeney jS) are given in 
Table 4-1 In this table the period is the undamped natural period 
of oscillation of the moving coil The sen«iti\nty values are those 
obtained with an external circuit resistance necessarj' to give critical 
damping 

It IS clear that the D’ Arsonval movement, in one form or another, 
may be used for the measurement of d-c current. MTicn this move- 
ment IS connected to an a-c current, the meter will cither vibrate or, 
if the frequency is sufficiently high, indicate *ero In either event, 
the D’Arsonval movement is not directly applicable to the measure- 
ment ol a-c current A detailed amslysis of the response of gaU's- 
nometcr movements lo various a-c w-avoforins is given by Frank (2) 

The two most common types of movements used for a-c current 
measurement are the iron-vane, or moving-iron, end clectrody- 
namometer arrangements In the tmt-vanc mstrament, as shown 
in Fig. 4-3, the current is applicil to a fixed ectl The iron vane la 
movable and connected to a restraining spring as shovrn The dis- 
placement of the vane is then proportional to the inductive force 


AwfirrT* 




Fig. 4>6. Basic features of the eloctrodynamomotor 
movement. 

exerted by the coil. Tl»c meter is subjccii to cddy-i'iirrent losses in 
the iron vnne and various hysteresis cITccls which hmil its aeeuraey. 

The features of the electrodynamometer movement are shown 
in Fig. 4-0. This movement is similar to the D'Amonval movement 
except tliat the permanent magnet is replaced by an olcctromagnot 
which may be actuated by an a-c current. Conscqitently, the field 
in the electromagnet may be made to operate in synchronisation 
with an a-c current in the moving coil. In order to use the electro- 
dynamometer movement for a-c mcasurcmcnl.s, it is ncccs.sary to 
connect the electromagnet and moving coil in series ns shown in 
Fig. 4-7. 


Fig. 4-7. EIcctrodynamomotor movement used 
ns on nmmotcr. 
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Both the iron-vane and the elcctrodiTiatnometcr mo\pnient^ 
are normally used /or low-frequenej’ applieatwns with firquenripj 
/rom 25 to 125 cps. Special desiRn* of the elcctnxjynamoniotrr 
movement may be used to extend ita range to almiit 2,000 cps 
Various theoretical ronsidcrationa for these movements are dis- 
cussed by Frank (21 Both the iron-vane and the elcctrodynsmom- 
eter instruments indicate the fms value of the altcrnstmg current, 
and the meter deflection vanes with /?«, where 

H-8, 

The scale of the instrument is not necessarily bawtl on a eousre law 
because the proportionality constant between and the meter 
deflection changes somewhat mth the current 

An important feature of the electrodynamomcter instrument is 
that it may lie calibrated wnth direct current and that the calibration 
will hold for a-e applications within the frequency ranc" of the 
mslntfnent The iron^vunc insfrumcnt is not as s-ersatilc lvf.su«e of 
the residual magnetism in the iron when direct current is iismJ 
A rectifier arrangement may also lie u«ed for a-c mcviireincnts 
In this deuce an a< waseform is modified by tome type of rectifier 
such that current is obtained with a tteady d-c component A 
D’Arsonval movement may then be u«ed to measure the d-e com- 
ponent and thereby indicate the value of the ahcmating current 
which was applied to the rectifier 

For measurements of high-frequency alternating currents, a 
thermocouple meter is usually used This type of meter is mdirstcd 
m Fig 4-8 The alternating current is passed through a heater 
element, and the temperature of the element is indicated by a 
thermocouple connected to a D'Arsonval meter The thermocouple 
indicates the rms s'aluc of the current because the average power 


rit.4-t. Schematic af a thermocM/at* imttr. 



n 
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dissipated in the heater is equal to The instrument reading' 

is independent of waveform because of this relationship between the 
thermal emf generated in the thermocouple and the power dissipated 
in the heater. The thermal emf generated in the thermocouple 
varies approximately with the square of current, although slight 
deviations from the square law may be obtained because of change 
in heater resistance with temperature and other side effects. Alter- 
nating currents with frequencies up to 100 hlc maj' be measured 
with thermocouple meters. 


4-3 VOLTMETERS 

A d'C voltmeter may be constructed very easily by modifying a 
D’Arsonval movement, as shown in Fig. 4-9. In this arrangement, 
a large resistor is placed in series with the movement; thus, when 
the instrument is connected to a voltage source, the current in the 
instrument is an indication of the voltage. The range of the volt- 
meter maj' be altered by changing the internal series resistor. The 
voltmeter is usually rated in terms of the input voltage for full-scale 
deflection or in terms of the ratio of internal resistance to the voltage 
for full-scale deflection. A series-resistor arrangement may also, be 
used with the iron-vane and electrodynamometer instruments for 
measurement of rms values of a-c voltages. For low frequencies up 
to about 125 cps the electrodynamometer meter may be calibrated 
with d-c voltage and the calibration used for a-c measurements. 

Electrostatic forces may also be used to indicate electric poten- 
tial difference. For this purpose two plates are arranged as shown 
in Fig. 4-10. One plate is fixed, and the other is mounted in jeweled 
bearings so that it may move freely. A spiral spring provides a 
restraining force on the movable plate. The electric potential dif- 
ference to be measured is impressed on the two plates. If two com- 
plete disks were used instead of the sectoral plate arrangement, the 


Inlcmfii meter 



Series 

resistance 


6 -- 
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Re- <-9. D'Arsonvat meter used as a voltmeter. 



It 
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net torfjue would be «cro, however, with the arrancement •hown, 
the fnnge elTccts of the electric field produce a net force m the 
indicated direction which is proportional to the square of the rms 
voltaRC As the movable plate chanjtes position, the caparitance 
rhanges and hence the proportionality between the storwJ energy 
and the voltaRe vanes with the impressed %-oUaKC 

The electrostatic voltmeter may be used for either a-c or d-c 
volloRC measurements, but potentials aliow 100 volts arc required 
in order to produce a sufficiently strong torque in the system. The 
meter may be calibrated with direct rurrenl and then used for 
measurement of rms values of a-c voltage*, reganHeas of the wave- 
form Electrostatic voltmeters are generally applicable up to 
frequencies of 50 Me It may be noted that the electrostatic volt- 
meter has an extremely high input impedance for d-c applications 
but a much lower a-c impedance as a result of the capacitance 
reactance The capacitance may be about 20 pf for a S.OOO-volt 
meter 

In the preceding paragraphs we have disciLssed some of the more 
important detnecs which are used for measurement of electnc current 
and voltage We have not discuased electronic methods because 
they arc generally considered as composite measurement sj-stems 
and use one or more of the abote dcvires for readout purposes. 
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4-4 BASIC INPUT CIRCUITRY 

The output of an electric transducer is frequently of such a nature 
that it must be modified to produce a signal in a more usable form. 
At this point we wish to discuss the circuits which may be used as 
input-modifying circuits. The transducer may be of the active or 
-passive type; an active element furnishes an energy input to the cir- 
cuit, while a passive element merely modifies the electrical properties 
of the circuit through a change in some characteristic like resistance, 
capacitance, or inductance. A pressure transducer whose electrical 
resistance changes with pressure is a passive element, while a piezo- 
electric crystal or photoelectric cell is an example of an active ele- 
ment. The particular transducer must be connected to appropriate 
circuitry which will modify the signal so that it may eventually be 
displayed on an indicator or recorder. Clearly, there are many 
types of circuits which may be used, and we shall be able to discuss 
only n few representative cases. 

We have already discussed the measurement of electric current 
with appropriate meter movements. A simple type of input circuit 
might use the current flow through a passive-resistance transducer 
as an indication of the value of the resistance. The schematic 
arrangement for this type of measurement is shown in Fig. 4-11. A 
change in the physical variable to be measured is represented in this 
case by a change in the resistance R, as indicated by the movable 
contact. The current is given by 

^ ^ ie -h 


Let the maximum resistance of the transducer be R„. Then the 
current may be written in dimensionless form as 


i _ 1 

Ei/Ri (WmTfidTi (^10) 

It would be desirable to have the current output vary in a linear 





FIe.4-11. Current-sensitive Input circuit. 

Circuit senses change In resistance 
K of the transducer. 


M 
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manner with the rc«i«t«nCT of the fran^durer. Unfortunately thi« 
is not the ca-v as rhown in Eq. (4«10), althouRh the output nay l>e 
approximately linear for some ranges of operation. 

The circuit shown al>o>e may be modified alightly by u'ing a 
voltmeter as in Kig 4-12 Let us asnimo that the internal impedance 
of the voltmeter is verj* large compared with the n«i*tance in the 
circuit fo that wc may neglect the current drawn by the meter 
The current flow is still pven by 

' - R-h,. <*-"> 

Let be the voltage across the transducer, as indieated in Kig 4-12. 
Then 

E 

E. " i(ft + R.) " 1 + 

Now we have obtained a \oltage indication asa measurement of the 
reslstanec/?, but a nonlinear output isetillobtained The advantage 
of the circuit in Fig 4-12 over the one in Fig 4-11 is that a voltage 
measurement is frcqiienti) easier to perform than a eurrent measure- 
ment The voltage-sensitive circuit is called a ballatl afnnl 

We might deilno llie scn«itivuy of the ballast circuit as the rale 
of change of the voltage indication with respect to the resistance R 
Thus, 


n dE EM, 

* " dfl " («. + R)* 


(4-13) 


We would like to design the circuit to that the sensitivnty iS is a 
maximum The circuit design variable which is at our disposal is 
the fixed resistance R, k) that wc wish to maximize the ecnsitivnty 
with respect to this vanable The maximising condition 


^ n - fi.) 

d/f. “ (R. + R)' 


(4-14) 


Fig. 4-12. Valtaft-tentlUv* Input circuit. 

Chang* In rctittanc* R li Indl- 
cattd threufh chang* In v*l- 
tag* Irtdication. 
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Fig. MS. Simple Yoltage-dlvlder elrewlt. 


JS 


is applied. Thus, for maximum sensitivin- we should take Ri == R. 
But, since i? is a variable, we may select the value of Ri only for the 
range of R where the sensitivity is to he a maximum. 

In both of the above circuits a current measurement has been 
used as an indication of the value of the variable resistance in the 
transducer. In some inst anc e^ it is more convenient to use a voltage- 
divider circuit, as indicated in Fig. 4-lS. In this arrangement a 
fixed voltage Eo is impressed across the total transducer resistance 
Rn while the sliding contact is connected to the voltmeter with 
internal resistance E,. If the impedance of the meter is sufficiently 
high, the indic.ated voltage E will be directh- proportional to the 
variable resistance R, that. is. 



for E, » E 


(4r-15) 


With a finite meter resistance a current is drawn which affects the 
voltage measurement. Considering the internal resistance of the 
meter, the current drawn from the voltage source is 


f 


Ec 

E, - E ~ E,E/(E + E,) 


The indicated voltage is therefore 


(4-16) 


E = Ec — f(E„ - E) 


or 

E/E„ 

Ec W/RnKi -''e7e„)(e„/e,)Ti 

As a result of the loading action of the meter the voltage does not 
vary in a linear manner with the resistance E. If Eq, (4-17) is 
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taken a? the true relationship between a’oltaK** and resistance, then 
an expression for the loading error may be written as 


Loading error 


(g/rOu.. - 


The true value U taken from Eq (_4-i7) and the indicated >afue 
from Eq (4-15). The error based on full-scale reading is 


Loading error 


(R/R^m - n/R^) 
(«/«-)(! - /¥/«.)"+ R>/R* 


(4*18) 


The \-oltage-di\*idcf circuit shown m Tig 4-13 has the disad- 
vantage that the indicated voltage is afTected by the loading of the 
meter. This difficulty may Ik? alleviated by utilizing a volt.age- 
balancing potentiometer circuit, as shown m Fig 4-14 In this 
arrangement a known voltage E, is impre&scd on the resistor Rm 
while the unknown voltage is impressed on the same resistor through 
the galvanometer with internal resistance R, and the movable eon- 
tact on the resistor /?• At some position of the movable contact 
the galvanometer mil indicate zero current, and the unknown 
voltage may be calculated from 


E 


R 


F. 


(4-19) 


Notice that the internal resistance of the galvanometer does not 
affect the reading in this case, however, it docs influence the sensi- 
tivity of the circuit The voltage-balancing potentiometer circuii 
IS widely used for precise measurements of small clcctnc potentials 
particularly those generated by thermocouples In order to S' i n 

rately determine the unknownvoltsgcE.thcBupply voltage /•', • 

be accurately known A baltciy is usually used for ib« -uiiiJ ' 






X- 



Fig. S-K. Simple vottage-baljnclRg * 
emeter circuit. 
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Fig. 4-15. Potentiometer circuit Incorporcting festursD lor stand 
ordtzatlon of battery voltage. 


voltage, but this represents an unreliable source because of aging 
characteristics. The aging problem is solved by using a standard- 
cell arrangement to standardize periodically the battery voltage, as 
shown schematically in Fig. 4-lo. When switch S; is in position .4 
and switch Si is closed, the circuit is the s.amc ns Fig. 4-14. Then, 
when switch Si is opened and switch is placed in position JS, the 
standard cell E, is connected in the circuit. The variable com- 
pensator resistance Rc is adjusted until the galvanometer indicates 
balance conditions. The protective resistor Ri may then be 
bypassed by closing switch Si and a fine adjustment of the com- 
pensator resistor effected. The protective resistor Ri is placed in 
the circuit to avoid c.kccssivc current drain on the standard cell and 
also to protect the galvanometer. Note that the standard-cell 
voltage is impressed on a fixed portion of the resistance R. Once 
the battery has been standardized, switch Sj may be placed in the 
A position and the unknown voltage E measured. The battery may 
be standardized as often as necessary for the particular application. 


Example 4-1 

The output of a transducer with a total resistance of 150 ohms is to be 
measured with a voltage-sensitive circuit like that shown in Pig. 4-12. The 
sensitivity is to be a maximum at the midpoint of the transducer. Calcu- 
late the sensitivity at the 25- and 75-percent positions, assuming a voltage 
source Ei of 100 volts. 

Solvtion. For maximum sensitivity at the midpoint of the range we 

take 


== = ■ffffr. = 75 ohms 


£3 



ticctriul fmilnc 


At the 25-pereent poMtion, R - (025)(I50) - 37^ chm,, »nd th- «a.,. 
ti«ty is calculated from Eq (4-l3): ' 


» dE E.Ri 
* “ ■"{/?, + R)* 


(100)(75) 
(75 + 37.5>» 


-0S92wltMm 


At the 75-percent position the corresponding wnsttinty is 


Example 4-2 

The voltage-divider circuit » used to measure the output of the trans- 
ducer in Example 4-1 A lOO-volt source u u«ed (E» - lOO volm), and the 
internal resistance of the meter Rt w 10.000 ohms Caloilate the loading 
error at the 23- and ?S-percent positions 

Sofuhon We use Eq (4-18) for the ealculatioo anh 

10,000 7 

E Tot- 


At the 25*percent position R/Rm > 025 and 


Loading error - 


_ (0 23)»(1 - 025) 

(025)(1 - 025)+e67 
-0 000703 = -0 0703% 


At the 75-percent position R/Rm = 0 75 and 


l/>ading error •• 


_ (0.75)*(1 -075) 

(075K1 - 075) + 607 
-0 00211 - -0.211% 


4*5 BRIDGE CIRCUITS 

Bridge circuits are empfoycd in a vancfy of appfications for the 
measurement of resistance, inductance, and capacitance under both 
steady-stale and transient conditions Wc shall be concerned with 
the characteristics of some of the more prominent t}'pes of circuits 
and their application to various measurements and control 

The Wheatstone bridge is normally useil/or the comparison and 
measurement of resistances in the range of 1 ohm to 1 megohm. 
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Fig. 4-15. Potentiometer circuit Incorpornfmg features for stand 
ardlzotlon of battery voltage. 


voltage, but this represents an unreliable source because of aging 
characteristics. The aging problem is solved by using a standard- 
cell arrangement to standardiae periodically the battery voltage, as 
shown schematically in Fig. 4-15, When switch Si is in position A 
and switch Si is closed, the circuit is the same as Fig, 4-14. Then, 
when switch Si is opened and switch S^ is placed in position B, the 
standard cell E, is connected in the circuit. The variable com- 
pensator resistance Rc is adjusted until the galvanometer indicates 
balance conditions. The protective resistor Ri may then be 
bypassed by closing switch Si and a fine adjustment of the com- 
pensator resistor effected. The protective resistor Ri is placed in 
the circuit to avoid excessive current drain on the standard cell and 
also to protect the galvanometer, hlote that the standard-cell 
voltage is impressed on a fixed portion of the resistance R. Once 
the battery has been standardized, switch Si may be placed in the 
A position and the unknown voltage E measured. The battery may 
be standardized as often as necessary for the particular application. 


Example 4-1 

The output of a transducer with a total resistance of 150 ohms is to be 
measured with a voltage-sensitive circuit like that shown in Pig. 4-12. The 
sensitivity is to be a maximum at the midpoint Cf the transducer. Calcu- 
late the sensitivity at the 25- and 75-percent positions, assuming a voltage 
source P,- of 100 volts. 

Solution. For maximum sensitivity at the midpoint of the range we 

take 

Pi = P = ^R„ — 75 ohms 


8S 
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At the 25-pereent position, I{ - (a25)(I50) - 37.5 ohms, *nd the 
tivity U calculated from (4-13); 


^ »00)f75) 

dli (R. + R)* (75 + 37.5)* 


0592 volt/ohm 


At the 75-percent position the eorrrspondioK eensitirity u 


S 


(100) (75) 
(75+ 112.5)* 


0 213 xrolt/ohm 


Example 4-2 

The voltage-divider circuit is used to measure the output of the trans- 
ducerin Example 4-1. A 100-voU source is used (E, - lOO srolts), and the 
internal resistance of the meter R 4 is 10,000 ohms Calculate the losdmif 
error at the 25- and 75-percent positions. 

Sofvhoft We u.se Eq (4-18) for the calculation with 

Ri 10,000 

K Tsr 


At the 2S-pcrccnt position R/R» - 025 and 


Loading error 


(025)«(l -0-25) 
*"(025)(1 -025) + 667 
-0 000703 - -0 0703?e 


At the 7S-percent position R/Rm •• 0.75 and 


Ixiadvng error — — 


(0.75)*(1 - 075) 
(0.75)(1 -075) + 687 


- -0 00211 - -0211% 


4.5 BRIDGE CIRCUITS 

Bridge circuits are employed in a sTinety of applications for the 
measurement of resistance, inductance, and capacitance under both 
steady-state and transient conditions We shall be concerned with 
tlio charnctcristics of some of the more prominent types of circuits 
and their application to various measurements and control 

The Wheatstone bridge is normally used for the comparison and 
measurement of resistances in the range of I ohm to I megohm A 
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Fig. 4-lS. Schematic of basic Wheatstone bridge. 


schematic of the bridge is given in Fig. 4-16. It is comprised of 
four resistances; Ri. Ri, Ej, Rz- Ei is a variable resistance, whereas 
Rz is some unknown. A voltage is applied to the bridge by closing 
the Bvdtch Si, and by adjusting the variable resistance Ei, the 
bridge may be balanced so that the potential at B equals the poten- 
tial at D. This balance condition may be attained by connecting 
the galvanometer in the circuit through S% and adjusting the value 
of El until the galvanometer indicates zero-current flow. At this 
condition the voltage drop through resistance Ea must equal the 
voltage drop through Ei. Thus, 

ijEi = iiEi 


Also, 
l! = fj 
and 
I'l = iz 


E 

Ri + Ea 


E 

Ri + Rz 


If the currents arc eliminated from these relations, we obtain 
^_R-i 

Rz ~ Rz (4-20) 

or 

Rz = ^ 


90 


(4-21) 


Dtcfrleat tmiint ieritn 


11 the resislanc« ^t. and Rt are known, (hen the \-alue of the 
unknown rcsistanre is easily detemuncd. 

The term "ratio arms" is frequently used in dfscnbrnc t«T> 
knowm adjacent arms in a ^^Tieatstone brid(;e. The Ralvanometcr 
is usually connected to the junction of these tiro known te*;«tors 
In Fig. -1-10, Rt and would normally be cafied (he ratio arms. 

If accurate measurements arc to be made with the bridge circuit, 
the values of the resistors must be preeiscly known and the pa!- 
vanometcr must be sufllcicntly sensitive to detect small degrees of 
imbalance in the circuit. When the unknown res stance R, U 
placed in the circuit, care must bo taken to use (cads which hs>-c a 
resistance which is small in comparison with the unknown 


Exomple -t-S 

For the basic tVheatsloBC bridge m Fig. determine the uacff' 
tai&tv in the measured resistance 17. as a mult of an uacerlamti rf 1 per* 
cent in the knowTi resistances Hepeat for 0 OS percent 

Sohfion. We use E<t (3-2) to estimate the uncettamii ttr bait 

dR, R, dR, ffiff, OR, R, 

SS; OR, ” ” Ri* 

For a I percent uncertainty in the knonn resistances (hi» Rues 
^ - (0.01‘ + O.OP + 0 0I»)J » 0.01732 
- 1.732% 

For a 0 05 percent uncertsinti m the known resistances the corTtspondinR 
uncertainty in R, is 0 0856 percent 

The basic iVheatstone bridge cinruit may also bo employed for 
the measurement of a-c impedances The mnm problem is that 
more than one balance condition roust be made in order to obtain 
the null condition; one balance obtains the null on the real part of 
the waveform, while another obtains the null on the imaginary part 
There are some types of a-c bridges which may be balanced with two 
independent ad;u«trnffif 5 Several of these types are shown in Table 

4-2alyngwith the balance conditions which may be u*ed to determine 

values of the unknown quantities 

Since an alternating current is invoh-ed, the null condition may 
not be sensed by a galvanometer as m the case of the d-c W heatstonc 
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schematic of the bridge is given in Fig. 4-16. It is comprised of 
four resistances; R\, R^, R 3 , Rx- Ri is a variable resistance, whereas 
Rx is some unknown. A voltage is applied to the bridge by closing 
the switch Sj, and by adjusting the variable resi.stance Ri, the 
bridge may be balanced so that the potential at B equals the poten- 
tial at D. This balance condition may be attained by connecting 
the galvanometer in the circuit through Si and adjusting the value 
of Ri until the galvanometer indicates zero-current flow. At this 
condition the voltage drop through resistance Ei must equal the 
voltage drop through Ei. Thus, 

i'lEi fiEi 


Also, 

E 

El -f R, 

and 


ii = ix 


E 

El ri- El 


If the currents are eliminated from these relations, we obtain 

Ei _ E, 

Ri Rx (4-20) 

or- 

o EiEa 

~ "eT (4-21) 


SO 



I3*rtrie*t Kmlrti 


If the resistances Ru and Ri are Icnonrn, then the value of the 
unknowTi resistance R, is easily determined. 

The term "ratio arms” is frequently o«ed in descrihinj; two 
known adjacent arms in a tMieatstone bridge Tlic galvanometer 
IS usually connected to the junction of thc«c two known rcsi'tor^ 
In Fig. 4-10, Ri and Ri would normally be called the ratio arms. 

If accurate measurements are to be made with the bndge circuit, 
the values of the resistors must be precisely know'n and (he gal- 
vanometer must be sufficiently sensitive to detect small degrees of 
imbalance m the circuit When the unknown resistance R, is 
placed in the circuit, care must be taken to use lead? which have a 
resistance which is small in comparison with the unknown. 


Exornple 4-3 

For the basic \Yheat3loiie bridge in Fig 4-16, deleTmine the uncer- 
tainty in the measured resistance /?. as a result of an uncertsinty of 1 per- 
cent in the known resistance? Repeat for 005 percent 

5o/idion Wc u«e Eq (3-2) to estimate the uncertaintj We haie 

df?, Ri _ R^R, dR» 

6Ri " dR, " /?,* aW» Rt 

For a I percent uncertainty in the kno«-n resistances tht? pve? 

^ - (0 01« -h001«-f- OOl’l* - 0 01732 

- 1.732% 

For a 0 05 percent uncertainty m the known resulances the rorrespontlmg 
uncertainty in R, is 0 0S66 percent 

The basic Wheatstone bridge circuit may al.so be employed for 
the measurement of a-c impedances The mam problem is that 
more than one balance condition must be made in order to obtain 
the null condition; one balance obtains the null on the real part of 
the waveform, while another oblmnsthc null on the imapnary part 
There are some types of a-c bridges which may be balanced with two 
indepcndcnl adjuatmtnlB Several of these types are shown in Tatile 
4-2 along with the balance conditions which may be used to determine 
values of the unknown quantities 

Since an alternating current is inTOhYd, the null condition may 
not be sensed by a galvanometer asm the case of the d-c 11 heatstone 
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Fig. <-lT. Schcm^lls for analysis of unbal- 
Einccd bridge. 


bridge ; some type of a-e instrument must be used. This might be a 
vacuum-tube voltmeter, an oscilloscope, or a rectifier type of meter. 
A pair of headphones might also be used when audio-frequency sig- 
nals are involved. For radio-frequency signals a communication 
receiver could be used, as the detector in the bridge circuit. 

It may be noted from Table 4-2 that for some types of a-c bridge , 
circuits the balance condition is independent of frequency (types A, 
G, and E), while for others the frequency must be known in order to 
apply the balance conditions (types B, D, and F). Thus, with the 
capacitances and resistances known for the "Wien bridge we could 
use the bridge as a frequency-measuring device. 

Bridge circuits are very useful for experimental measurements. 
The d-c bridge is widely used for measuring the resistance of various 
transducers such as resistance thermometers, strain gages, and other 
devices which register the change in a ph 5 'sical variable through a 
change in resistance. The a-c bridge circuits are used for inductance 
and capacitance measurements. Numerous transducers operate on 
the principle of a change in capacitance or inductance with a change 
in the measured quantity, and the bridge circuits may be employed 
to detect these changes. Bridge circuits are also useful in an unbal- 
anced condition because a rather small change in one of the bridge 
arms can produce a very large change in the detector signal which 
may be used .to control other circuits. 

Bridge circuits may operate on either a null or a deflection prin- 
ciple. The null condition has been described above as where the 
galvanometer or sensing device reads zero at balance conditions. 
At any other condition the galvanometer reading will be deflected 
from the null condition by a certain amount which depends on the 
degree of unbalance. Thus, the signal at the galvanometer or 
detector may be used as an indication of the unbalance of the bridge 
and may indicate the deviation of one of the arms from some specified 
balance condition. The use of the deflection bridge is particularly 
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important for the measurements of dynimic rtj^als where insutS- 
flent time is available for achieviiiR balance conditions. 

Consider the bridge circuit shown m Fig +.17. Ri.Rx R%,irA 
Rt are the four arms of the bridge; ft, is the galvanometer rc<i«tanpe; 
and I* and i, are the batterj* and galvanometer nirrcnt*. rr»pectivelv. 
Rt represents the resistance of the battery nrcuit W.en the bnd^ 
is onfy ttighily unbafaneed, it can be showntfiat the value of ft, dor* 
not appreciably mfluenco the effective resistance of thr hndim cir- 
cuit ns pre«ented to the galvanometer (w Ref. jj). pag- 2 ^ 5 ). 
a result, the following relation for the galvaromcler cu'rent mar f.r 
denved 


where ft is the effective resistance of the bndgr circuit presented to 
the galvanometer and i* given by 



This effective resialance ft i« lodicaud in Fig 4-15 The voliag'* 
presented at the terminal* of the galvanometer E, i* 

The voltage imprewd on the bridge E depend* on the battery or 
external circuit resistance ft, and the rcsKanor of thr total bndr<* 
circuit as presented to the batterj’ circuit, wfctc.h »e shall dc*'gna!e 
as ft,. It can be shown that for small unbalance* th" re* 'tarce ft, 
may be calculated by assuming that the galvanonietcr i* not coi- 
nected in the circuit Thus, 


p (ffi + ft.)(ft« + ftil 

' * ft, + ft, + ft, + ft, 


(+ 711 ) 


Flfri-U. EqMlwlentetrtuttcfbfld*«a»rert*frt»d 

to the galvanometer. 


1-VW-* 

L— 
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The voltage impressed on the bridge is then 


E 


El 


E, 

Eo + Rh 


(4-26) 


Because the deilection described above and indicated by Eq. 
(4-22) is based on the determination of the galvanometer current, 
the circuit is said to be current-sensitive. If the deflection measure- 
ment were made with n vacuum-tube voltmeter, oscilloscope, or 
other high-impedance device, the current flow in the detector circuit 
would be essentially zero since, as E, — * «>, ij— +0 in Eq. (4-22). 
Even so, there is still an unbalanced condition at the galvanometer 
or detector terminals of the bridge. This condition is represented 
by the voltage betwebn terminals A and C for the case of a high- 
impedance detector. Such an arrangement is called a voltage- 
sensitive deflection-bridge circuit. The voltage indication for such 
a bridge may be determined from Eq. (4-24). 

For relatively largo unbalances in a bridge circuit it, may become 
necessary to shunt the galvanometer to prevent damage. Such an 
arrangement is shown in Fig. 4-19a. In this case the voltage across 
the galvanometer may still be given to a sufiicientlj' close approxima- 
tion by.Eq. (4-24), but the current through the galvanometer must 
be computed by considering the shunt resistance Rp. The total 
resistance of the bridge and shunt combination as seen by the gal- 
vanometer circuit is given by 


R — Rp^ 

‘ Rp + R 

and the galvanometer current is now given by 


(4-27) 


,• - Ep 

’ R. + R, 


(4-28) 



4-19. (•) Galvanometer shunt arrangement for 
use with bridge of Fig. 4-18; (b) galvonom- 
eter with series resistance for uso with bridge 
In Fig. 4-M. 





The iri^vanometcr current nay al*o he reduced by u*uic n ferje« 
resistor as shown in Fir. 4-19fc. For this case the palvanomrlrr cur* 
rent bccomcfl 

'■ ■ /T+spr«. <<•») 

where H. is the x'niue of the senes rc^i^tor 


Example 4.i 

The Wheatstone fanrlge circuit of Fi*r -l-lft has ratio ar-n* (Rt ar.H /?i) 
of G,000 and GOO ohms A aalxanotnetcr with a routanre ef 70 ohm* biiJ 
sscnsitix'it) of OOi pa, mm is connected between /? and P. and theaJ/i*;*- 
ble resistance R, reads 340 ohms The Kilranometer desertion u 30 rm. 
andthebatteo xoItAKeM4 s-olta As»umtn|CDAm(cmai batter; re*.*Us'e 

calculate the value of the unknown resistance /?, Repeat fnr Pt as l Ri 
having s'aluea of COO and 60 ohms 

Sehhon In this ia*wnce the bridge is operated en t*» 
principle For purposes of ansJs ring the circuit aeuse Fifs t-ITard 4»1S 
ThegaJianometer current m cafcubied from the de/Jectioo and seiyitmi; 

as 

I, - (39)(OCM X lO-'l - 1.56 pa 

In the circuit of Fig 4-17 the resisuoces are 

- 0 R, ~ 340 R, - 6,000 H,~r/}0 R, - R, P, • ?0 

We also base F — 4 0 volts 

Combining Efjs 14-22) to (4-24), we obtain 

• E[RJlR, + Rd - R*nRt + R,)] 

“ R, + lRiR,/(R, + FJ + KtR$'tR> + 

Soh-ing for R,. we have 

i> - iAR,P>(P* + Pd 4- RtR,R,\ 

“ »,(1 -hF, + f?,)(/fT-rj?.) + £R* 

Viiag Dufftencs} nines !of the fluanliUes, »e obuia 

- 33 03 ohms 

Taking /?, - 600 and Fi - 60, we obtam 


F, * 33 9S ohms 
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4-6 FILTER CIRCUITS 

It, is often desirable to use only a certain range of frequencies which 
arc obtained from a transducer input. Perlmps these frequencies 
represent the signal, while other frequencies may be unwanted har- 
monics and noise resulting from some sort of distortion in the input 
arrangement. If a relatively nnrrorv range of frequencies is used, it 
is usually possible to operate with much simpler electronic circuits 
for amplification purposes than when a broad frequency range is 
u.sed. 

Various arrangements may be used for filter circuits, but they 
all fall into three categories; (1) low-pass, (2) high-pass, and (3) 
bandpass circuits. The circuit may be constructed from passive 
elements or may involve eleetronic amplification to eliminate losses. 
The lou'-pas.s filter perniifs the transmission of frequencies below a 
certain cutoff value with little or no attenuation, while the high-pass 
filler permits the transmission of frequencies above a cutoff value. 
TIic bandpass filter permits the transmission of a certain range or 
band of frcquctn ic.s while attenuating frcquencic.s both above and 
l)eIow the limits of this range. The approximate performance curves 
for the three types of fillers are shown in Fig. 4-20. The cutoff fre- 
qvicncy is designated by for the high- and low-pass filters, and the 
limits of I he frequency transmission in the bandpass filter arc defined 
by the frc(iuencics /i and ft. It must be noted that the various 
filter circuits do not provide a sharp cutoff frequency; i.c., there is a 
(ransmi.ssion of some frequencies above or below the cutoff value, 
although the signal attenuation becomes more pronounced ns the 
frequency becomes further removed from cutoff conditions. 

A summary of several types of passive filler circuits is given in 
Fig. 4-21, as recommended in Ref. (8]. The various filter sections 





B.nmtpnss 

Fig. 4-20, Approxlmato performance curves for three types of filters. 
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may be used separately or in combination to produce more desirable 
cutoff performance. In the in-derivcd scclions the quantity m is 
defined by 

” - i - (£)' 

for a low-pass filter and 

m = 

for a high-pass filter, where/,, is the desired cutoff frequency and/„ 
is a frequency having high attenuation. When only one m-derived 
section is used, a value of wi = 0.6 is recommended [8]. When a 
filter is designed for a particular application, it is usually important 
that the impedance of the filter circuit be matched with the connect- 
ing circuitry. A consideration of the matching of impedances in 
filler circuits is beyond the scope of our discussion, and the interested 
reader should consult Ref. (9] for more information. 

A measurement of the degree of amplification or attenuation of 
a circuit is its gain or amplification ratio. Gain is defined as 

Gain = (4-32) 

input 

The output and input quantities may be voltage, current, or power, 
depending on the application. Gain usually is measured in decibel 
units, which are defined in terms of a logarithmic ratio. 

Decibels = 10 log ^ (4-33) 

where Pi and P- are the input and output powers respectively. The 
voltage or current gain may be defined in a similar manner. 

The filter circuits shown in Fig. 4-21 are the most commonly 
employed and are generally the most efficient passive element types. 
It is possible to construct filters in RC and RL arrangements instead 
of the LC designs given in Fig. 4-21; however, the circuits which 
employ resistive elements are generally not as efficient because they 
remove energy from the system. Some simple RL and RC filter 
sections are shown in Table 4-3, along with the appropriate equations 
describing their input-output voltage characteristics. The phase- 
lag angle ij> is also given. 
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may be used separately or in combination to produce more desirable 
cutoff performance. In the m-dcrived sections the quantity m is 
defined by 

„ - («o) 

for a low-pass filter and 

m = sjl - (^y (4-31) 

for a high-pass filter, where is the desired cutoff frequency and/*, 
is a frequency having high attenuation. When only one m-derived 
section is used, a value of m = 0.6 is recommended [8]. When a 
filter is designed for a particular application, it is usually important 
that the impedance of the filter circuit be matched with the connect- 
ing circuitry. A consideration of the matching of impedances in 
filter circuits is beyond the scope of our discussion, and the interested 
reader should consult Ref. (9] for more information. 

A measurement of the degree of amplification or attenuation of 
a circuit is its gain or amplification ratio. Gain is defined as 

Gain = « (4-32) 

input 

The output and input quantities may be voltage, current, or power, 
depending on the application. Gain usually is measured in decibel 
units, which are defined in terms of a logarithmic ratio. 


Decibels = 10 log ~ (4-33) 

where Pi and Fi are the input and output powers respectively. The 
voltage or current gain may be defined in a similar manner. 

The filter circuits shown in Fig. 4-21 are the most commonly 
employed and are generally the most efficient passive element types. 
It is possible to construct filters in RC and RL arrangements instead 
of the LC designs given in Fig. 4-21; however, the circuits which 
employ resistive elements are generally not as efficient because they 
remove energy from the system. Some simple RL and RC filter 
sections are shown in Table 4-3, along with the appropriate equations 
describing their input-output voltage characteristics. The phase- 
lag angle <fi is also given. 
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Exomple 4‘S 

A simple KC circuit ta to be u-ii »in Jc* (A'* It w<lt?irr<llK»t 

the output voltage be attepuaird 3 itb »i ’C^' rr* r*!-TjIate the retjuired 
value of the time coiuUot T - AT 

SoWron. Network A of Ttf.k t t <• tr^ ^'"■rrl e-raciremefii tt> 
wuh to have 

1^- -3ib 
«o that 
-3 - 10 log 
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Fff. 4<23. Pholtffraph of • comRirrtbl ncuwm>tiib« 
voftmeter. (C«urtt>y Htwlrtt-Picbnl C«tn- 
psny.) 

succeeding Amplifier circuit The \ol(age signal from the X’oltspe 
divider is then impressed on the grid circuit of the vacuum-tube- 
amplifier stage whose voltage output is used to drnc a conventional 
D’Arsonval movement for readout purposes Tlic output from the 
amplifier stage could also be connected to a recorder or o5cilJo«copc 
for the measurement of transient \oIiagcs 

For an a-c voltage measurement the signal w fed through a 
volfsgc divider and then to a rectifier circuit nhich produces a d-c 
^oI(agc proportional to the input a-c signal Thed-c wllageisthcn 
impressed on the voltagc-divider network of the rangc-fclector 
twitch. The remainder of the circuit is the same as in thecavef the 
d-c measurement. 

Various modifications of the abo\c arrangement IMT ^ 
depending on (he range of voltages to be measured Fof '^O 
t oitage a-c signals an amplification stage may be added to the inpu 
imiead of the voltagc-divider arrangement. For ^ 

a chopper device mieht be used at the input to produce an a-c * 
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Thus, 


Eeot 1 

“ (1 + 


= 0.501 


where 


' £ 0 ’ = (2;r/)> = I2 t(100)]* 


We find that T = 2.75 X 10"’ sec. The circuit might be constructed 
using a O.l^f capacitor and a 2.75-kilohm resistor. 


4-7 THE VACUUM-TUBE 
VOLTMETER (VTVM) 

The vacuum-tube voltmeter is one of the most useful laboratory 
devices for the measurement of voltage. It may be used for both a-c 
and d-c measurements and is particularly valuable because of its 
high input-impedance characteristics, which make it applicable to 
the measurement of voltages in electronic circuits. 

A block-diagram schematic of a simple VTVhl is shown in Fig. 
4-22. The input voltage is connected through appropriate terminals 
to the function switch. If a d-c voltage is to be measured, the signal 
is fed directly to the range-selector swatch operating as a voltage- 
divider circuit where the signal is reduced to a suitable range for the 


Voltage 


Function divider 

switch fornc 



stage 


Fig. 4-22. Block-diagram schematic of a vacuum-tube voltmeter (VTVM). 
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Ff{.A.23. Phetocnph of • eoitirmfrUI weuum-tub# 
voltmeter. (Courtevy Hrwlett«Pacfcord Com- 
pofty.) 

succeeding amplifier circuit. The voltage signal from the %T)ltagc 
divider is then impressed on tlic grid circuit of the vacuum*tubc- 
amplifier stage whose voltage output is used to dnve a conventional 
D’Arsonval movement for readout purposes The output from the 
amplifier stage could al«o be connected to a recorder or oscilloscope 
for the measurement of transient voltages 

For an a-c voltage measurement the signal is fed through a 
voltage divider and then to a rectifier circuit which produces a d-c 
voltage proportional to the input a-c signal. The d-c voltage is then 
impressed on the voltnge-dividcr network of the range-selector 
switch. The remainder of the circuit is the same as in the case of the 
d-c measurement. 

Various modifications of the above arrangement may be u«cd, 
depending on the range of voltages to be measured For very low- 
'oltage a-c signals an amplification stage may be added to the input 
Instead of the voltage-dividcr arrangement For very low d-c sig- 
nals a chopper device might be used at the input to produce an a-c 
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signal, -vrliich is more easih* amplified to the voltage iex-els which may 
be handled with conventional circuitij'. 

The important point is that the input impedance of the XTVSl 
is very high, usually greater than 10 megohms, so that the measured 
circuit is not loaded appreciably and the indicated voltage more 
closely represents the true voltage to be measured. E,xample 4-6 
illustrates the influence which the meter can exert on a circuit and 
the reduction in error of measurement which can result when a 
VTl'M is used. It may be noted that a correction may be made for 
the meter impedance when the impedance of the measured circuit 
is known. A photograph of a typical commercial ^*TVM is shown 
in Fig. 4-23. 

Example 4-6 

The i-oltage at points and B is to be measured. A constant 100 volts 
IS impressed on the circuit .as shotm. Two meters are arailable for the 
measurement: a small voit-obninseier with an internal impedance of 100,000 
ohms and a range of 100 volts and a TTl'M with an internal impedance of 
17 megohms. 



is 


Compare the error in measurement with each of these devices. 

Solution. The true voltage, by inspection, is 50 volts. With the 
voit-ohmmeter connected in the circuit there results 


^ 0i> megohr: 


1 K) V 

0.5 ^ 

' cnegahm S 


^ 0.1 saegrohm 


j 


and the voltage at A and B is 
= 100 M(1/0-5) -f (1/0.1)] 

0.0S33 \ 

" VoSs^ -f 0.5) “ 

or an error of —71 percent. 
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Wilh lh«? \"n’M connected in l!ic circuit lh*rc rc«u!{s 



H 


«nd the voltage at A and B u 


Ka» - 100 


l/[(l/0 5) + (1/17)1 
1/1(1/05+ 1/17)1 + 03 


- ioo( 


0 4857 \ 

0+S57 + 0 5^ 


4!>27 iAlt« 


or an error of - 1 46 percent 


4-S THE OSCILLOSCOPE 

We have wen that the V8cuurn»tube volt meter cflcre the advirit-tsc 
that St may be used to measure t'oltat^c tnthoiit asul^tniiit t! hadir^ 
of the input circuit The calbodo-ray o*cilJo»topc (CRO) is *:mi!ar 
to the VTVM in that it has a high input impedance nnd is u«cd as a 
voltage>measuriog device It offers the additional feature thst it 
may be used for the measurement of rapidly \'ar>'ini: transients nth 
any type of waveform. 

The heart of the oscillovopc is the enthodc-ray tube (CUT), 
which is shown schematically in Kir 4--t L’loetron'* are released 
from the hot cathode and accelerated toward the rtrecn by the use 
of a positively charged anode An appropriate grid arrangement 
then governs the focus of the electron beam on the screen The 
exact position of the spot on the screen is controlled bj the use of the 
honrontal and vertical deflection plates A voltage applied on one 
set of plates produces the x deflection, while a stillage on the other 
eet produces the y deflection Thus, with appropriate soltngcs on 
the two sets of plates the electron bcaiti may be made to fall on any 
particular spot on the screen of the tube The screen is coated with 
a phosphorescent material which emits light when struck bv the 
electron beam If the deflection of the beam against a known 
voltage input is calibrated, the oscilloscope may «T%e a volt- 
meter. Since voltages of the order of scwml hundred volt' urr 
usually required to produce beam deflections acros.« the ent irv (him - 
eter of the screen, the cathode-ray tube is not directly appliciMe for 
many low-level voltage measurements and amplification nni't !•« 
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Fig. 4-24, Schomntlc diagram of a cathode-ray tube (CRT). 


provided to hriiiK (he input Rignni up to the operntinR conditions for 
iho cm'. 

A Holioinatie of the CKO is .sliown in Fig. 4-2.'5. The main 
features arc the CRT, ns described nlrovc, the liorizontal and 
vertical amplifier, s, and the sweep and synchronization circuits. 
'I'he sweej) gcnei’ator produec.s a sawtooth wave wJiich may bo 
used to provide a periodic horizontal dodection of the electron 
beam, in accordance with some dc.sircd frequency. Thi.s sweep then 
provide.s a time base for transient voltage measurements by means 
of the vertical deflection. Oscilloscopc.s provide internal circuits to 
vary the horizontal sweep frequency over a rather wide range as well 
a.s externa! connections for introducing other sweep frequencies. 
Internal switching is also provided which enables the operator of (he 
scope to “lock” the sweep frequency onto (he frequency impro.sscd 
on the vertical input. Provisions arc also made for e.xtcrna! modula- 
tion of the intensity of the electron beam. This is sometimes called 
the c-arts inpul. This modulation may l)c used to cause the (race 
to appear on the screen during certain portions of a waveform and 
disajrpear during other portions. It may also be used to produce 
traces of a specified time dunUion on the screen of the CRT .so that 
a time base is obtained along with the waveform under study. A 



modulation 

Fig. 4-25. Block-diagram schomntlc of an oscilloscope. 
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FIf. 4.26. Photofraph of 8 Commercial oielllo*c«p«. (CourlMy Htvittt* 
Packard Company.) 

photo^aph of n commercial «inBlc*hcam o«ciI)o«<'op<.- i« p\rn in 
Fig 4-20 

A dual-beam <»«i//o«copc providcn for amplifirAtion stir) display 
of tuo signals at the same time, lhmb> pcriiiiiting Jircci t onipan*on 
of the signals on tlie CRT screen A •insIc-Uani ov ii!o*cope may 
be given a dual*bcani function (hrougli the u«c of an elrrtromc 
switch This device switches between two input* and sltfri.ntely 
impresses the two signals ni the input lernmial* of the fifiRlc-heam 
oscilloscope The switching rate may l»c x'aned to actomniodatc 
diflercnt frequency input sigiiah A schenintic of the sy?iem i* 
given in Fig 4-27 Notice the chopped nature of the r'gnal dis- 


w 

Stfrul -n 

rum 



pig. 4-?7. Diagram showing use of an •Uctroole switch 
foaefifon a dual-beam fimctlon with a sing Ja- 
Iwarn •scllloscops. 
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plavs on the CRT screen as a result of the switching process. The 
width of the gaps in the displays is determined by the switching rate 
in- the electronic switch. Switching frequencies of electronic 
switches are usually limited to about 5,000 cps. 


Phase-shift measurements 

The CRO may be used to measure phase shift in an electronic circuit, 
as shown in Fig. 4-28. An oscillator is connected to the input of the 
circuit under te.st. The output of the circuit is connected to the 
CRO vertical input, whereas the oscillator signal is connected 
directly to the horizontal input. The phase-shift angle </. may be 
determined from the relation 


(f, — 



(4-34) 


where B and A arc measured as shown in Fig. 4-28. I' or zero phase 
shift the ellipse will become a straight line with a slope of 45° to the 
right; for 00° phase shift it will become a circle; and for 180° pha.se 
shift it will becoiiic a straight line with a slope of 45° to the left. 


Lissajous diagrams 

The CRO offers a convenient means of comparing signal frequencies 
through the use of Lissajous diagrams. Two frequencies are 
impressed on the CRO inputs, one in the horizontal input and one 
on the vertical input. One of these frequencies may be a known 
frequency as obtained from a variable frequency oscillator or signal 
generator. If the two input frequencies are the same, an ellipse will 
be displayed on the CRT screen. If the two input frequencies arc 



Fig. 4-28. Schematic illustrating use of oscilloscope for 
phase measurements. 


108 



Cltctrtt*! itminc 


o 


8 8 S !S 3 


01 n 


® CO 


3 « ? 2 2 3 « 5 4 1 92 r t* I : 

*-29. UtMjoui atagramt tt>T virlsut fr»«jufncy ntloi ai lntfleat»d. 


not the same, the patl«*rn« wliirh arc dnplavcd on the CUT serren 
are culled Ltssajou^ dtaeran*'* TJicrc is a d‘-firict rclition«!up 
which governs the ahapo of fhe«e dmgram* .n arronince «ith the 
input frequencies 

Vertical mput frequency 
lloritontal mput frequency 

^ number of vertica l ma xima on L i««a|ou a disgrtm ^ 
number of honeontal nm'ciim «n Li««ajoiis diasrsm 

Pome typical shapes for the Li««ajo«is <hapnms arc »)ionn in Fir 
4*29. It may be noted that «hapcs r.in «>niewhit. 

depending on the pha»c relation bct«c( n the mpiti ‘ign jl» 

Oscilloscope traces may be rcrortlcd t*% xanou* phoiographir 
methods, and several cameras arc maiiufaccurt.) • epi< tally for oscil- 
loscope applications. 


Example 4'7 

An oscilloscope is used for a pha*e-«hin ir.cvurcu-.nt la aTT'nJan-e 
«ith the arrangement ID Hr 4-2'* The mea'‘urenipnts arc 

A •• 2 5 ± 0 05 cm 
^ 1 5 i 0 05 cm 

Calculate the nominal value of the pK«c ancle «nd estimate the unrer- 
tainty in the measurement 

Sehhon. We calculate the nonuoal ss'uc *ith Eu <4*3*1 
* - «\a~‘ ^ « em“‘ ^ ^ 

We may estimate the uncertainly with the u«e of Eq (5-2> OWrMns 
that, 

^(B/A) “(I 
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We have 

d<ii I 1 11 

as “ [1 - {B/Ay\^ yl " {1 - 0.36)1 TI rad/cm 

d<l> B 1 -1.5 / 1 

dA~ [1 - (U/zl)’]! A^ ~ (1-0.36)1 rad/cm 

Also, 

wu = 0.05 cm 
te,( = 0.05 cm 

60 that the uncertainty in <*> is 
tCtf = ((0.833)’(0.05)2 + (0.3)*(0.05)’j' 

= 1.4 X 10-2 rad = O.SO’ 
or 

0.8 

~ 3M ~ 0.0215 = 2.15 percent 


4-9 OSCILLOGRAPHS 

The oscillograph is basically a recording D’Arsonval movement. 

anous input amplifiers are available for raising the signal to an 
acceptable level for driving the movement. Two types of galva- 
nometer movements are used: the direcUvriting, or stylus move- 
ment, and the light-beam movement. In the stylus movement the 
galvanometer deflection is recorded directly on recording paper by 
action of the stylus. Three types of stylus are in common use: ink- 
'nting, pressure-ivriting, and heated slyli. The latter two write on 
either pressure- or heat-sensitive paper. The light-beam oscil- 
ograph uses a light-beam galvanometer, a light source to produce a 
me beam, and light-sensitive paper for recording. The movement 
01 a stylus oscillograph is similar to that of the indicating D’Arsonval 
movement shown in Fig. 4-4 except that the pointer is replaced by a 
the recording paper. The construction of 

hr-a ^ oscillograph is somewhat similar to that of the light- 

lieK" ^ to focus the 

re^cordincTn^” P^^uce a fine trace on the 

nometr n, k' amplification is provided, the galva- 

the system ^f? '’“^tod m a more substantial fa.shion than in 

an inteeral iin't^ ^yP’oally, the mirror and coil are placed in 
ment The e l inserted- in the oscillograph instru- 
ct to pivot freely and feflect the 

beam onto the recording paper. This unit is frequently not 



much larucr lhan a match.licl. Ji okoioamnl . 

or Kalvanomctcr for uac in an ovilW.„hT, 

and ,l,c c„n„r„c,ion dead, tm ' ''' 

The trcqucncy rcaponw ol «„ ovillorraph i, . 

lion of llio mechanical frequency reaponae of Die g-Oymmm. 



rif. 4.30, (a) Photograph of i typlcat ot^Kopaph c>ln'>om«tcr. fTh* tal* 
nnemeterli approximately tho altt of matchttick.) (b) Schematic 
tilacram of “matchstrek** calranometer and ctcctHe cennactlon*. 
(Courtety Mlnnca|>olf>>Korteywen Ragulator Company.) 
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Fie. 4-Si. Photograph of a commercial eight-channel 
oscillograph system. (Courtesy Sanborn 
Company.) 


vrhich, in turn, is primarily dependent on its mass moment of inertia 
and damping characteristics. The smaller the mass of the gal- 
vanometer movement, the higher the frequency response. For 
this reason, the light-beam oscillograph has a much higher frequency 
response than the stylus t}*x)e because of the higher mass associated 
with the stylus movement. In general, stylus-type oscillographs 
exhibit fiat frequency responses from 0 to 100 cps, while light-beam 
oscillographs maj' be used up to 5,000 cps. 

A multitude of preamplifiers, chart speeds, and remote opera- 
tion facilities are available on commercial oscillographs. Com- 



Cl*etr1cal 


mcrcial modch are available trith 1 to riO wpvatp diannrh A 
pholoRraph of a typiral clKbt-rhnnnel IiKhl-l»eam P«fil!ocr.iph n 
shown in Fip 4-31. The input preamplifieri and rontroN for cnrh 
channel are shown at the top of the rabinet. «hjle the chart maga- 
zine is shown in the risht-center portion of (he cabinet. 


4-10 COUNTERS, TIME, 

AND FREQUENCY MEASUREMENTS 

The engineer ia called upon to perform counting-rate e-ul frrquenry 
mcasuremeiit't o%er an extremely l>ro.nd range tin - mler^alt 
A determination of rc\olu(ion« per niimite on a s'9u-‘'fxvd steam 
engine might mwlvc a simple mechanical revoliifionx counter sn ] a 
hand-operated stopwatch In this ca.se, the accura'-j of the m'-i*- 
urement would depend on the human-rt spouse tmu* in itsriirg and 
stopping the watch The 8.nme nieasurcment performed nr. m 
automobile engine might utilize an electric transdueer which gen- 
erated a pulse for each revolution of the engine Tlie pulecs rnuld 
be fed to gome type of counting demce winch establislied fl e numl'er 
of pulses produced for a given increment of lime The arcurscj 
of measurement would again depend on the accuracy of the «p<‘Pi. 
fiention of the time interval In l>oih of ihe«* simple ra«es a rimilsr 
frequency measurement is being performed through iltc comhina- 
lion of a counting measurement and tiine-inier\'al measurement 
Aside from the simple frequency mra'ureincnts di«cu«sed with the 
CRO, most frequency measurement* arc p^rformctl hy «omc type 
of counting operation 

A large variety of electronic counter* arc avftil.sble commer- 
cially These instruments have internal circuitrj, which enahlcs 
them to be used for measurement of fre<juencj. period, or time 
intervals over a very wide range The«e instruments usually coii- 
tam four sets of internal circuits 

/. Input-signal conditioning circuits which transform the input 
signal into a senes of pulsps for tounting 
f. The time base which provides pren«e time incmnenls during 
which the pul=es are counted 

S A signal “gate” w hich starts and stops tin counting device 
4 A decade counter and display which counts the pul«os end 
provides a digital readout 

A photograph of a typical cotnnicrcial counter for niea.suremcnis 
of frequencies between 10 rps hnd I 2 XIc is Risen in fig 4-3J 
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The functions of the electronic counter are shown schematically 
in Fig. 4-33. In (o) a frequency measurement is performed. The 
input signal is fed to the signal shaper which produces an equivalent 
pulse train v/hich in turn is fed to the gate along with a predeter- 
mined time-base signal. The counters subsequently register the 
number of pulses in the given time which is interpreted in terms 
of frequency. A period measurement is indicated in (6). In this 
instance the time base is used to provide a known number of pulses 
per unit time, while the input signal is used to actuate the gate 
circuit. The measured count is thus an indication of the period 
of the input signal. For time-interval measurements the arrange- 
ment in (c) is used. Again, the time base provides a known number 
of pulses per unit time. Either external or internal trigger circuits 
provnde the signals to the gate circuits to start and stop the count. 
These trigger circuits may be made to actuate on certain polarities 
or peak values of a waveform, depending on the measurement 
which is desired. 

Phase-angle measurements may be made by measuring the 
time interval between similar points on the two waveforms. Cali- 
bration of the time-base circuits may be achieved by the use of 
special frequency standards based on tuning-fork or crj'stal oscilla- 
tors, or with NBS standard broadcast frequencies. A very detailed 
discussion of frequency and time standards is given in Ref. [6). 












Rg- 4-32. 


Photograph of a commercial electronic counter. 
Hewlett-Packard Company.) 
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Mm. jelectorl* $et to •Htrttmnty," »ni tppnptUii t»\t 

Mm. 'A**?'**** t*m«-baie switch (ccwMned with iMWclJcn sr»»tt»r »n 

'ni unices). (ti}P«rf0cl measuremcntifuneOensetsHcr 
Itrlt *i ”“”**** frequency Is chosen by tlmt>bai* s»llch. (*) Tim** 
*n**surcrnenlss Start «t«f t|«p tricicri nt#y fr* dtrirri trun l»# 
as shown, or from dllVmnt pclnti of on* w»Mwm by 
leninx eom-sep switch to “com.” (Courtesy H»»lrtt-P»tfcarfl 
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devices operate on the pnneiple of IrsnsforminK 
* physical variable into an eJertric 
shsM A calied transducers In the /oIlbsnnK wrliojis 
Pftsrioli. of the mote widely used (ransducew srid 

i«n^ , Tabic 4-4 presents a compart summary 

'"Stacieristics, and the reader should tons'ill Ih'i* 
^Prfliv ^ following discussions to mwnlmi* an ovrriill 

^Pri!n>*^f fhat fhc8ub«equent j»»Kraphs will 

rnael, nf principles of operation without W '*’’ 

‘he detailed information contained in Table 4-1 Tim*. 
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the verbal discussion and tabular presentation are complementary 
and should be used jointly. 

It should be noted that the discussions of transducers which 
follow are concerned primarily with electrical effects. Other trans- 
ducers of a more specialized nature (thermocouples, strain gages, 
pre.ssure transducers, and nuclear radiation transducers) will be 
discussed in subsequent chapters. 

4-12 VARIABLE-RESISTANCE TRANSDUCER 

The variable-resistance transducer is a very common device which 
may be constructed in the form of a moving contact on a .slide-wire, 
a moving contact on a coil of wire, through either linear or angular 
movement, or a contact that moves through an angular displace- 
ment on a solid conductor like a piece of graphite. The device may 
also be called a resistance potentiometer or rheostat and is available 
commercially in many sizes, designs, and ranges. Costs can range 
from a few cents for a simple potentiometer used as a volume control 
in a radio circuit to hundreds of dollars for a precision device used 
for accurate laboratory work. 

The variable-resistance transducer fundamentally is a device 
for converting either linear or angular displacement into an electric 
signal; however, through mechanical methods it is possible to con- 
vert force and pressure to a displacement so that the device may 
also he useful in force and pressure measurements. 

4-13 THE DIFFERENTIAL 
TRANSFORMER (LVDT) 

A schematic diagram of the differential transformer is shown in 
Fig. 4-34. Three coils are placed in a linear arrangement as shown 
uoth a magnetic core which may move freely inside the coils. The 
construction of the device is indicated in Fig. 4-3.5. An alternating 
input voltage is impre.ssed on the center coil, and the output voltage 
from the two end coils depends on the magnetic coupling between 
the core and the coils. This coupling is, in turn, dependent on 
the position of the core. Thus, the output voltage of the device is 
an indication of the displacement of the core. As long as the core 
remains near the center of the coil arrangement, the output is very 
nearly linear, as indicated in Fig. 4-36. The linear range of com- 
mercial differential transformers is clearly specified, and the devices 
are seldom operated outside this range. When operating in the 
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ClKtHeat ••ntlni 


IlnplhTnwnt 



» . 

1 — ' — ■- 

cz : 

\r,^ 



n(.4.}4. Sthtnvfle iSltgnm »f » diftnrtttU} 
tr»ntt»rmtr. 


Iinoar ran(’»‘ the devieo is eafled a linear viinahJe differenlia! trans- 
former (M'DT) Near the mill position a eliKht nonlinearity ron- 
dition IS eiieotmlered. ns illustrsteil m Fijj 4-'J7 It will N* noietl 
that Fir 4-30 eon«idersthe phase relntionshipoftheouiptif soIlaRr, 
while the "V" p-aph m Fir 4-3? indieates the nhsolute maRmtinle 
of the output There i« a 180* phase shift from one ride of the 
null position to the other 

Ttio fretjuetiry response of I.VDTa is pnmnnly limited hy ihr 
inertia charnetensiies of the dcviee fn pneml. the frequeiirj of 
the applied voltage ahoiild t>e 10 imies the de«irTal fn^pjenej 
response 

Commercial LVDTb are ns'ailahlc in « hrond rniiRe of *i»c» 
and are mdely usetl for duplaeement measurements in n variety 
of appheations Forec and pressure measiirementa may aI«o l>e 
made after a mechanienl eons'ereion Table 4-4 indicates the 
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n*. 4.W. Cvfittiasctlan af a e»fnfomUI tlosae 
variable tflffereotlat transfeetnee (LVD7> 
te*uft*tr Schaevltx Coxfoeertoj Cao*- 
panr.) 
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Fig. 4-36. Output characteristics of an CVDT according to Rof. (7]. 
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jccrtpr/i! clinrArtrrifltics 0 / tho LVDT. Tlip Intprrntpd roftdcr (ilmiild 
roiimdt }\pf. [7] fnr morn drlnltrd Infnrmntioii. 


4-14 CAPACITIVE TnANSOUCERS 

CofiBidrr ll)o cnimritivc Irwnmliurr flliowii in Hr, •I-.'W, TIip 
rApAnitfuicc (in plrofnrAdA) nf nrriiiiKPinent Ia Rivrri liy 

C- 0,225.^ H-SO) 

wlirrfl 

d m diatAnrc hrtwrnn tliA plAtoA, jn. 

A werhppinff nrfn, In.* 

« -« dlflpctrlc cnriAlnnf 

Till* plAtn arran;(AmPnl may 1 »p iiAPd to mpiwiifo ^ rhanpiA ui thf 
dlstnnrn d llironR}| a cIiAiigc in rApncitnnrp, A clianKP in r’lipnri. 
tntirA tnny aIao bo rrsiAtorod flirniiRli a oliAiiKn In tbo ovrriAppiiiK 
nrrn A ri'HiillInK from n ndutlvo niovoincnl of tlin ploli-A in u lAtcriil 
dirortion nr n rlinimn in tbo dioloctrio roiwtnnl of t)nj nnitoriAl 
lii'twccn Ibe plnlPfl. 'J'bo pnpnritniirc inny bo uu’AAijrril witli 
IirIdjC' I'irrnitA, 'I'lio output Imp«IniiP« of a rnpiirHor la Rivon by 

wboro 

Z m Impodonco, ohm* 

/ - frpqiirnry, rpa 

C PApAoitnnro, farndA 

Jn RpnorAl, t/m ontpnt Impoflnncw of a PApA<<tivo trAnAdijoof m 
bif^b; tbiA fort may rail for rarpfiil dpAiRii of tbo nntpiit rirniitry. 

Tbc cnpnrilivfl trnnAdiirrr mny bp iiAod for diApIappmrnt inrnA- 
iircinontA tbroiiKb a vnriatloii of Htliar Ihr apArliiK dialanm d or 
tbn pinfo arpA. It |a rnininnniy h*p<I for liqiinldpvcl mcnAiirrmrntA, 
fiA indicated in Fir, -l-df), Two rlcrlrodw! arc arranged aa bIiowii, 
and the iliclcctric conAtimt varicA lictwrcn thn cIcctrodcA accordinR 
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Fig. 4-39. Diagram lllustrattnE use of capacitive tran*- 
duccr (or liquid-level measurement. 


to tho liquid level. Thus, the ciipncitiinco belAvcon the electrodes 
is a direct indication of the liquid level. 


Example 4-8 

A capacitive transducer is constructed of two 1-in.’ plates separated 
by a distance of 0.01 in. in air. Calculate tlic diaplacement sensitivity of 
such an arraiiRcment. Tlic dielectric constant for air is l.OOOG. 

.Solution. The sensitivity is found by differcnliatinR Kq. (•I-3G). 


iS “ 


dd 


es 


0.22r)<d 

d’ 


Thus, 


S 


(0.225)(1.0000)(1) 

( 0 . 01 )’ 


- 2.2.G X 10’ pf/in. 


Example 4-9 

For the capacitive transducer in Example -t-S the allowable uncer- 
tainty in the spacing; measurement is iiv = + 0.0001 in., while the estimated 
uncertainty in the plate .area is ±0.00r) in.’. Calculate the tolerable uncer- 
tainty in the capacitance mc.asurement in order to achieve the .allowable 
uncertainty in the spacing measurement. 

Solution. Solving Eq. (-1-30) for d, wo have 


d 


0.225 


iA 


(o) 


Making use of Eq. (3-2), we obtain 

f = [(?)■ +(5)1' 
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We have 


toi Q.QQQl 
■rf “ 001 


0.01 


to* 0.QQ5 
A “ 1.0 


0005 


so that 


The nominal value of C is 


(0 225)0.0006)fl.0) 
001 


22 513 pr 


so that the tolerable uncertainty in C u 
uic - «2513)(0 00S66) • ±0mpf 


4-15 PIEZOELECTRIC TRANSDUCERS 

Consider the arrangement shown m Fig 4-40. A piezoelectric 
crystal Is placed between two plate electrodes When a force is 
applied to the plates, a stress tnll be produced in the crystal and a 
corresponding deformation With certain crystals this deformation 
mil produce a potential difference at the surfaces of the crystal, 
and the effect is called the piezoelectric effect The induced charge 
on the crystal is proportional to the impressed force and is given by 

Q^dF (4-38) 

where Q is in coulombs, F » in newtons, and the proportionality 
constant d is called the piezoelectric constant The output vollage 
of the crystal is given by 

E^Stp (4-39) 


fig, 4-W. Diacram Illustrating tha plwa- 
electric effect. 
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Table 4-5 Piezoelectric constantsf 


Material 

Orientation 

Charge 
sensitivity d, 
co’domh/m’ 

Voltage 
scnsitivitii g, 
volljm 



ncwtnn/m^ 

newton/nV 

Quarts 

X cut; length along Y 
length longitudinal 

2 2r, X 10 

0.055 


X out; thickness 
longitudinal 

-2 04 

-0.050 


1' out; thickness 
. shear 

4 4 

0.108 

Rochelle salt 

X cut 45”; 
length longitudinal 

4.35 0 

0.098 


y cut 45°; 
length longitudinal 

-78 4 

-0,29 

Ammonium dihydrogen phosphate 

Z out 0°; 
face shear 

48 0 

0.354 


Z cut 45°; 
length longitudinal 

24.0 

0.177 

Commercial barium tilanatc ceramics 

To polarization 

130-1S0 

O.OIOG 


To polarization 

-55 0 

0.0042-0. 0053 


t According to Lion (3). 


where I is the crystal thickness in nreters, p is the impressed pressure 
in newtons per square meter, and g is called voltage sensitivity 
and is given by 

g = j (4-40) 

Values of the piezoelectric constant and voltage sensitivity for 
several common piezoelectric materials are given in Table 4-5. 

The voltage output depends on the direction in which the 
crystal slab is cut in respect to the crystal axes. In Table 4-5 an 
X (or I") cut means that a perpendicular to the largest face of the 
cut is in the direction of the x axis (or y axis) of the crystal. 

Piezoelectric crystals may also be subjected to various types 
of shear stresses instead of the simple compression stress shown in 
Fig. 4-40, but the output voltage is a complicated function of the 
exact crystal orientation. Piezoelectric cry.stals are widely used 
as inexpensive pressure transducers for d; ■ .=surements and 
are commonly employed as phonograt ' , ' 'll- infor- 
mation on the piezoelectric eftect is giv ' ‘ ■ 
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Example 4-10 


Clectrieel tettifn; il«*{ce« 


A quarts pietoelectric crj^tal baving a thickness of 2 mm and a voltage 
sensitivity of 0.055 volt-m/newton is subjected to a pressure of 200 n?i. 
Calculate the voltage output 

SeMion We calculate the vt^tage output with Eq. (4-59) : 

p *= (200) (6.895 X 10*) =■ 1 38 X 10* newtons/m* 

< * 2 X 10-*m 

Thus, 

E » (0.053)(2 X 10-*)a48 X 10*) = 151 6 volts 


4*16 PHOTOCLECTRIC EFFECTS 

A photoelectric transducer converts a light beam into a usable 
eleclno signal. Consider the circuit ehown in Fig 4-11 Light 
strikes the photoemissive cathode and releaoes electrons trhich are 
attracted toward the anode, thereby producing an electric current 
in the external circuit The cathode and anode are enclo^d m a 
glass or quartz envelope which is either evacuated or filled with an 
inert gas. The photoelectric sensitivity is defified by 

/ = (4-41) 

where 

/ *> photoelectric current 

* =“ illumination of the cathode 

5 “ sensitivity 

The sensitivity is usually expressed in units of amperes per watt 
or amperes per lumen. 

Photoelectric tube response to different wavelengths of h^ht 
18 influenced by two factors (1) the transmission characteristics 
of the glass-tube envelope and (2) the photoemissive characteristics 
of the cathode material. Photoemissive materials are available 
which will respond to light over a range of 0 2 to 0.8 m Most 
glasses transmit light in tbe upper portion of this range, but niMy 
do not transmit below about 0-4 p Quartz, however, transmits 
down to 0.2 11. Various noise effects are present m photoelectnc 
tubes, and the interested reader should consult the discussion y 
Lion (3) for more information. 
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Table 4-5 Piezoelectric constantsf 


Maleriat 

Orientation 

Charge 
sensitwity d, 
coulomh/m’ 
newlon/nrt 

Voltage 
sensitivity g, 
volt/m 
newton/nrt 

Quartz 

X cut; length along Y 
length longitudinal 

3.25 X 10-‘> 

0.055 


X cut; thicknesc 
longitudinal 

-2.04 

— 0,050 


Y cut; thickness 
, shear 

4 4 

0.108 

Rochelle sail 

X cut 45“; 
length longitudinal 

435 0 

0.098 


Kent 4.5“ , 1 

length longitudinal j 

-78 4 

-0,29 

Ammonium dihydrogen phosphate 

Z cut 0‘, j 

face shear | 

48.0 

0.3.54 


Z cut. i 

Icngtli longitudinal j 

24.0 

0.177 

Commercial barium titanale ceramics 

To polarization 

130-1 CO 

O.OIOG 


To polarization 

-SO 0 

0.0042-0.0053 

t According to Lion [3J. 





where t is the crystal thickness in meters, p is the impressed pressure 
in newtons per square meter, and g is called voltage sensitivity 
and is given by 


(4-40) 


Values of the piezoelectric constant and voltage sensitivity for 
several common piezoelectric materials are given in Table 4-5. 

The voltage output depends on the direction in which the 
crystal slab is cut in respect to the crystal axes. In Table 4-5 an 
X (or Y) cut means that a perpendicular to the largest face of the 
cut is in the direction of the x axis (or y axis) of the crystal. 

Piezoelectric crystals may also bo subjected to various types 
of shear stresses instead of the simple compression stress shown in 
Fig. 4-40, but the output voltage is a complicated function of the 
exact crystal orientation. Piezoelectric crystals are widely used 
as inexpensive pressure transducers for dynamic measurements and 
are commonly employed as phonograph pickups. General infor- 
mation on the piezoelectric effect is given by Cady [1]. 
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Example 4-10 

A quartz piezoelectric crystal haviogs thicknessof 2 mmand a voltage 
sensitivity of 0 055 volt-m/newtoa is objected to a pressure of 200 p$l. 
Calculate the voltage output. 

Sohfion. We calculate the voltage output with Eq. (4-39): 

p = (200)(6 895 X 10’) =■ 1.38 X lO'cewtons/m* 

1 = 2 X 10-’ m 

Thus, 

E = (0 055)(2 X lO-OCLSS X 10’) =. 151 8 volu 

4-16 PHOTOELECTRIC EFFECTS 

A photoelectric traosducer converts a light beam into a usable 
electric signal. Consider the circuit shown in Fig. 4-4). Light 
strikes the photoemissive cathode and releases electrons which are 
attracted toward the anode, thereby producing an electnc current 
in the eTternal circuit. The cathode and anode are enclosed in a 
glass or quartz envelope which is either evacuated or filled with an 
inert gas. The photoelectric sensitivity is defined by 

I- S* {4-41) 

where 

I = photoelectric current 
$ = illumination of the cathode 
S = sensitivity 

The sensitivity is usually expressed in units of amperes per watt 
or amperes per lumen 

Photoelectric tube response to different wavelengths of light 
is influenced by two factors' (1) the transraission characteristics 
of the glass-tube envelope and (2) the photoemissive charactenstics 
of the cathode material Photoemissive materials are available 
which will respond to light over a range of 0 2 to 0 8 m Most 
glasses transmit light in the upper portion of this range, but many 
do not transmit below about 0.4 ji. Quartz, however, transmits 
down to 0 2 p. Various noise effects are present m photoelectric 
tubes, and the interested reader ^ould consult the discussion by 
Lion (3] for more information. 
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Fig. 4-41. Diagram Iltustratlng the photo- 
electric effect. 

Photoelectric tubes are quite useful for ri'.ea5urerr>eut of light 
intenrity. Inexpensi^■e devices can be utilired lor countiug pur- 
poses through periodic interruption of a lijrht source. 

4-17 PHOTOCONDUCTIVE TRANSDUCERS 

The principle of the photoconductire transducer is shovm in Fig. 
4-42. A voltage is impressed on the semiconductor material as 
shown. When light strikes the semiconductor material, there is 
a decrease in the resistance, thereby producing an increase in the 
current indicated by the meter. A varietj' of substances are used 
for photoconductive materials,, and a rather detailed discussion of 
the pertinent literature on the subject is given in Refs, jo] and {10]. 

Photoconductive transducers enjoy a wide range of applica- 
tions and are useful for measurement of radiation at all wavelengths. 
It must be noted, however, that eirtreme experimental difnculties 
may be encountered when operating with long-wavelength radiation. 

4-18 PHOTOVOLTAIC CELLS 

The photovoltaic-ceU- principle is illustrated in Fig. 4-43. The 
sandwich construction consists of a metal bass plate, a semicon- 
ductor material, and a thin transparent metallic layer. This trans- 
parent layer may be in the form of a sprayed, conducting lacquer. 
When light strikes the barrier between the transparent metal layer 
and the semiconductor material, a voltage is generated as shown. 

Semiconductor material 


Animeter 

Fig. 4-42. Schematic diagram of a photo- 
conductive transducer. 
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'•Mtuiiic 'ja I 

F'Is- ScheiiMtle dlscratn ef a photovotUlc call. 


The output of the device i' strongly dependent on the load resistance 
if The open-circuit voltage approximates a logarithmic function, 
but more linear behavior may be approtjoiflled by decreasing the 
load resistance 

Perhaps the most widely used application of the photovoltaic 
cell IS the light exposure meter m photographic work The loga- 
rithmic behavior of the cell is a decided advantage in such applica- 
tions because of its sensitivity over a broad range of light intensities 


4-1$ IONIZATION TRANSDUCER 

A schematic of the ionization transducer 15 shomi in Fig 4-44 
The tube contains a gas at low pressure while the RF generator 
impresses a field on this gas As a result of the RF field a gloxv 
discharge is created in the gas and the two electrodes 1 and 2 detect 
a potential difference in the gas plasma The potential difference 
is dependent on the electrode spatiiig and the capacitive coupling 


Fig. 4-44. Schematic diagram of an lentu- 
tlon displacement transducer. 


RF 

Owmlor 
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bst'JvesD Ills HF plat-ss and tlie gas. T^'lien tli6 tube is located at 
tne central position bet-nreen the plates, the potentials on the elec- 
trodes are the same; but -n-hen the tube is displaced from this central 
position, a d-c potential diference v;-ill be created. Thus, the 
ionization transducer is a useful deidce for measuring displacement. 
Some of the basic operating characteristics are gi%'en in Table 4-4, 
and a detailed description of the output characteristics is riven 
hr Lion [4]. 


4-20 rriAGNETOriTETER SEARCH COIL 

A schematic of the magnetometer search coil is shovm in Fig 4-4-5. 
A fiat coil vrith N turns is placed in the magnetic field as shown. 
The length of the coil is L. and the cross-sectional area is A. The 
magnetic field strength ff and the magnetic flux densitj' B are in 
the direction shoTm, where 


B = uH 


(4-42) 


and u is the magnetic permeability. The voltage output of the 
coil E is ri'^211 by 


E = 


NA cos a 


<m 

di 


(4-43) 


where a is the angle formed between the direction of the magnetic 
field and a line drawn perpendicular to the plane of the coil. The 
total flux through the loop is 


6 = A CCS <zB 
so that 



(4-44) 


(4-4.5) 


Note that the voltage output of the de-vdee is dependent on the rate 
of change of the magnetic field and that a stationary coil placed 
in a steady magnetic field will produce a zero-voltage output. The 
search coil is thus a transducer which transforms a magnetic field 
signal into a voltage. 

In order to perform a measurement of a steady magnetic field 
it is necessarv- to provide some movement of the search coil. A 
typical method is to use a rotating coil as shown in Fig. 4-46. The 
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Fit- 4^, Schematic «f a nucne- 
tometcr search coll. 



FIs. <-4e. Dlapam lllustratinx 
use of a rotatinx 
search coll for meas* 
urement of steady 
maxnetic Ifeldt. 


rms value of the output voltage for such a device is 


(4-i6) 


where u is the angular velocity of rotation. Oscillating coils are 
also used 

The accuracy of the search coil device depends on the accuracy 
with which the dimensions of the coil are known The coil should 
he small enough that the magnetic field is constant over its area 

In the above equations the magnetic flux density is expressed 
in webers per square meter, the area is in square meters, the time 
is in seconds, the magnetic flux is in webers, the magnetic field 
strength (magnetic intensity) is in amperes per meter, and the 
magnetic permeability for free space is A* X !(>'’ henry/m An 
alternate set of units ui^s B in gauss, H in oersteds, /I in centimeters 
squared, and n in abhenrys per centimeter The magnetic per- 
meability for free space m this instance is unity 


Example 4*1) 

A rotating search coil has 10 turns «ith a cross-sectional area of 5 cm* 
It rotates at a constant speed of 100 rpm "nie output loltage is 40 mv. 
Calculate the rnagnetic field strength, 

Solufton. According to Eq (4-46), 

„ V^-gr.. V^fOW 

NAu “ (I0)(5 X 10-‘)1(100)(2»)/601 
“ 1 OS webers/m* 

U ^ 108 

4x X 10"’ 

a sa V in* nmn/m 
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4-21 HALL-EFFECT TRANSDUCERS 

The. principle of the Hall cfTect is in(li(!aled in li’ig. \-M. A con- 
ductor or semiconductor plate of thickness I is connected as shown 
so that, an external current / passes through the material. When 
a magnetic held is impressed oi» the plate in a direction perpendicu- 
lar to the surface of the plate, there will i)e a potential En generated 
as shown. This potential is called the Hall voltage and is given by 

E„^K„~ (4-47) 

where I is in amperes, Ji is in gauss, and t is in centimeters. The 
proportionality eon.stant is called the Hall coefficient and has the 
units of volt-cm/amp-gauss. Typical values of Kn for .several 
materials arc given in Table 4-C. 


Example 4-12 

A Ilall-ctTcct transducer is used for the measurement of a mngnotln 
field of .'5,000 gnus.s. A 2-mm slab of bismuth is used with a current of 
.3 amp. Calculate tlic voltage output of llie device. 

Solution. We u.sc liiq. (4-47) and the data of 'J’nblc 4-0. 


_ (-1 X 10-') (.3) (5,000) 

(2 X ro-‘) 

= -7.5 X 10-' volt 



Fig. 4-47. Diagram Illustrating tho Hall clfcct. 
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Table 4-6 Hall ceeffictents for different n 



F ifW ftren^, 
eoMf 

1 Temp , "C 

R'w. 




amp-gauif 

/If 

C 

Bi 

Cu 

Ft 

n-Ct 

Sx 

Sn 

Tt 

4.000- 8,000 

4.000- 11,000 
(.130 

8.000- 22.000 

17.000 
100-8,000 

20.000 

4.000 

3.000-0,000 

20 

Room 

20 

20 

1 * 22 

25 

23 

Room 

20 

4 32 X lO-" 
-1.73 X 10-” 

-I X lo-' 

-5 2 X 10-” 

' 1,1X10-'’ 

-SOX io-‘ 

4 1 X 10-* 

-2 0 X 10-" 

5 3 X 10-’ 

t Accordiog to Lion RJ 


PROBLEMS 


•1 Expand Eq (4-10) in senes form, and indicaie the relation 
which may be used to obtain a linear approximation for the 
current Also, show the error which results from this 
approximation 

Expand (he equation for vofiage in the ballast circuit (Eq 
(4-12)] in series form, and indicate the relation which may 
be used for a linear approximation Show the error which 
results from this approximation 

4-3 Derive an expression for the sensitivity of the circuit m 
Eig 4-11, defined by 


S 


d% 

dR 


Find the condition for maximum sensitivity 
4-4 Obtain a linear approximation for the sensitivity of the ballast 
circuit of Pig 4-12 Under what conditions would this 
relation apply? Estimate the error in the approximation 
4-5 A Wheatst^one bridge circuit has resistance arms of 400, 40, 
602, and 6,000 ohms taken sequentially around the bridge 
The galvanometer has a rewstance of 110 ohms and is con- 
nected between the junction of the 40- and 602-ohm reSiStors 
to the junction of the 400- and 5,000-ohm resistors The 
battery has an emf of 3 volts and negli^blc internal resist- 
ance. Calculate the voltage across the galvanometer and the 
galvanometer current. 
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4-6 It is known that a certain resistor lias a resistance of approxi- 
mately 800 ohms. This resistor is placed in a ^yheatslonc 
bridge the other three arms of which have resistances of 
exactly 800 ohms. A 4-volt battery with negligible internal 
resistance is used in the circuit. The galvanometer resistance 
is 100 ohms, and the indicated galvanometer current is 
0.08 pa. Calculate the resistance of the unknown resistor. 

4-7 Two galvanometers are available for use with a Wheatstone 
bridge having equal ratio arms of 100 ohms. One galvanom- 
eter has a resistance of 100 ohms and a sensitivity of 0.0.5 pa/ 
' mm, whereas the other has a resistance of 200 ohms and a 
sensitivity of 0.01 pa/mm. A 4-volt battery is used in the 
circuit, and it has negligible internal resistance. An unknown 
resi.stance of approximately 500 ohms is to bo measured with 
the bridge. Calculate the deflection of each galvanometer for 
an error of 0.05 percent in the determination. State assump- 
tions nece.ssary to make this calculation. 

4-8 Two known ratio arms of a Wheatstone bridge arc 4,000 and 
400 ohms. The bridge is to be used to measure a resistance 
of 100 ohms. Two galvanometers are available: one with a 
resistance of 50 ohms and a sensitivity of 0.05 pa/mm and 
one with a resistance of .500 ohms and a sensitivity of 0.2 pa/ 
mm. Which galvanometer would you prefer to use? Why? 
Assume that the galvanometer is connected from the junction 
of the ratio arms to the opposite corner of the bridge. 

4-9 A Wheatstone bridge is constructed with ratio arms of 60 
and 600 ohms. A 4-volt battery with negligible internal 
resistance is used and is connected from the junction of the 
ratio arms to the opposite corner. A galvanometer having a 
resistance of 50 ohms and a sensitivity of 0.05 pa/mm is 
connected between the other corners. When the adjustable 
arm reads 200 ohms, the galvanometer deflection is 30 mm. 
What is the value of the unknown resistance? 

4-10 The four arms of a Wheatstone bridge have resistances of 
500, 1,000, 600, and 290 ohms taken in sequence around the 
bridge. The battery of 3 volts connects between the 1,000- 
and 600-ohm resistors and the 500- and 290-ohm resistors. 
A galvanometer rvith a resistance of 50 ohms and a sensitivity 
of 0.05 pa/mm is connected across the other two terminals. 
The galvanometer is shunted by a resistance of 30 ohms. 
Calculate the galvanometer deflection. Repeat the calcula- 
tion for a series resistance of 30 ohms connected in the gal- 
vanometer circuit instead of the shunt arrangement. 
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441 Suppose an end rejtjfor is added to the circuit of Tig. 4-12 
so that there results 


Voltm«t»r 


where h the end riHstor. Derive an expre««ion for the 
voltage output and loading error of such an arrangement 
What advantage does it offer over the circuit in Fig. 4-12? 
Suppose the end re«iietor were attached to the other end of 
the variable resistance. What would be the advantage in 
this circumstance’ ^Tiat would be the advantage if an 
end resistor were placed on each end of the variable resistor? 

442 Design a bandpass filter to operate between the limits of 
500 and 2,000 cps 

443 Design a low-pass filler with a cutoff frequency of 500 cps. 

444 Design a high-pass filter with a cutoff /requenej* of 1,000 tps 

445 A Voltage of SOO volts is impressed on a I50-ki!ehm resistor. 
The impedance of the voltage aoitrce is 10 Vilohm Two 
meters are used to measure (he voltage across the J oO-kilohm 
resistor: a volt-ohmmeter with an internal impedance of 
1,000 ohms/volt and a \'TA'M with an impedance of 11 
megohms. Calculate the voltage indicated hy each of these 
devices. 

44S Plot the gain of the filter circuit of Example 4-5 

447 Five I'in.* plates are arranged as shown. Tiic plate spacings 
are 0 01 in The arrangement is to be used for » displace- 
ment transducer by observing the change in capacitance 
with the distance i. Calculate the sensitivity of the device 
in picofarads per inch Assume that the plates are separated 
by air. 




4-18 Calculate the voltage-displacement sensitivity for the LVDT 
whose characteristics are shown in Fig. 4-37. 
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4-19 The piezoelectric crystal of Example 4-10 is used for a pres- 
sure measurement at a nominal 100 psi. The xmcertainty 
in the voltage measurement is ±0.5 volt, and the uncertaint3' 
in the crj^stal thickness is ±0.0003 in. Estimate the uncer- 
tainty in the pressure measurement. 

4-20 A rotating search coil like that shown in Fig. 4-9 has a nominal 
area of 1 cm= with 50 turns of small-diameter wire. The 
rotational speed is nominallj’ 180 rpm. Calculate the volt- 
age outpu! when the coil is placed in a magnetic field of 
1 weber/m-. 
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chapter 5 


Displacement and area 
measurements 


S-l INTRODUCTION 

Many of the transducers discussed in Chap 4 repre*cni excellent 
devices for measurement of displacement In this chapter we tt'i«h 
to examine the general subject of dimen«lonal and di''plaecmcnt 
measurement and indicate some of the techniques and m«irumcnt« 
which may be utilized for such purposes making u«c. « here po«.»ible, 
of the information m the preceding sections 

Dttnenrional meattirmenfs arc catCRonzed as determinations 
of the size of an object, while a dtsplaettntni meosurcmenl implle* 
the measurement of the movement of a point from one position to 
another An area measurement on a standard geometric figure 
is a combination of appropriate dimensional measurements through 
a correct analytical relationship The determination of areas of 
irregular geometric shapes usually involves a mcehanical, graphical, 
or numerical integration. 

Displacement measurements may f>c made under both steady 
and transient conditions Transient measurements fall under the 
general class of subjects discussed in Chap 1 1. The prc*enl chapter 
IS concerned only with static measurements. 


5-2 DIMENSIONAL MEASUREMENTS 

The standard units of length have been discussed in Chap 2 AH 
dimensional measurements arc eventually related to these stand- 
ards. Simple dimensional measurement* with an accuracy of 
±0 01 in. may be made w ith graduated metal machinists’ scales or 
wood scales which have accurate engrased markings For large 
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Fig. 5-1. Vernier caliper. 


dimensional measurements metal tapes are used to advantage. 
The primary errors in such measurement devices, other than read- 
ability errors, are usually the result of thermal expansion or con- 
traction of the scale. On long metal tapes used for surveying pur- 
poses this can represent a substantial error, especially when used 
under extreme temperature conditions. It may be noted, however, 
that thermal expansion effects represent fixed errors pd may easily 
be corrected when the measurement temperature is kno^vn. 

Vernier calipers represent a convenient modification of the 
metal scale to improve the readability of the device. The caliper 
construction is shown in Fig. 5-1, and an expanded \’iew of the 
vernier scale is shown in Fig. 5-2. The caliper is placed on the 
object to be measured and the fine adjustment rotated until the 
jaws fit tightly against the workpiece. The increments along the 
primary scale are 0.025 in. The vernier scale shown is used to 
read to 0.001 in. so that it has 25 equal increments (0.001 is of 
0.025) and a total length of H times the length of the primary scale 
graduations. Consequently, the vernier scale does not line up 
exactly with the primary scale, and the ratio of the last coincident 
number on the vernier to the total vernier length will equal the 
fraction of a whole primary scale division indicated by the index 
position. In the example shown in Fig. 5-2 the reading would be 
2.350 -f (fl) (0.025) = 2.364 in. 

The micrometer calipers shown in Fig. 5-3 represent a more 
precise measurement device than the vernier calipers. Instead of 
using the vernier scale arrangement a calibrated screw thread and ' 
circumferential scale divisions are used to indicate the fractional 



Index Vernier scale 

Fig. 5-2. Expanded view of vernier scale. 
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Fls> 5*3. Micrometer calipers. 





part of the primary scale divisions. In order to obtain the nari- 
mum effectiveness of the micrometer, care must be exerted to 
ensure that a consistent contact pressure is maintained on the 
workpiece. The spring-loaded ratchet device on the handle enables 
the operator to maintain such a condition When properly used 
the micrometer can be employed for the measurement of dimensions 
within 0.0001 m. 

Dial indicators are devices which perform a mechanical ampb- 
fication of the displacement of a pointer or follower in order to 
measure displacements within about 0001 in The construction 
of such indicators provides a gear rack which is connected to a dis- 
placement-sensing shaft This rack engages a pinion which in turn 
is used to provide a gear-tram amplification of the movement The 
output reading is made on a circular dial 


Example 5-1 

A 100-ft steel tape la used for a surveying instrutnent in the summer 
such that the tape temperature is lOoT A measurement indicates 
8156 ± 0002ft Tbelineartherraalc£)eflicientofexpansiODi3647 X lO"* 
per ’F at 60*F. Calculate the true distance measurement 

Se/ufion. The indicated tape length would be the true value if the 
measurement were taken at 60*F At the elevated temperature the tape 
has expanded and consequently reads loo small a distance The actual 
length of the 100-ft tape at 105*F is 

W + a AT) = + (647 X lO-*)(46))(iW) 

= 100.029115 ft 

Such a true length would be indicated as 100 ft Th« true readmg for the 
above situation is thus 
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5-3 GAGE BLOCKS 

Gage blocks represent industrial dimension standards. They are 
small steel blocks about |- by If in, with highly polished parallel 
surfaces. The tliickness of the blocks is speciHed in accordance 
with the following tolerances: 


Grade of block 

A.\ 

A 

B 


Tolerance,^ idn. 

2 

•1 

S 


Gage blocks are available in a range of thicknesses which make it 
possible to stack them in a manner such that with a set of SI blocks 
any dimension between 0.1000 and S.OOOO in. can be obtained in 
increments of 0.0001 in. The blocks are stacked through a process 
of wringing. With surfaces thoroughly cle.an the metal surfaces 
are brought together in a sliding fashion while a steady pressure 
is exerted. The surfaces are sufficiently flat so that when the 
wringing process is correctly executed they will adhere together 
as a result of molecular attraction. The adhesive force may be 
as great as 30 times atmospheric pressure. 

Because of their high accuracy, gage blocks ai'e frequently 
used for calibration of other dimensional measurement devices. 
For very precise measurements they may be used for direct dimen- 
sional comparison tests with a machined item. A discussion of the 
methods of producing gage-block standards is given in Ref. jS}. 
The literature of manufacturers of gage blocks furnishes an excel- 
lent source of information on the measurement techniques which 
are employed in practice. 


5-4 OPTICAL METHODS 

An optical method for measuring dimensions verj' accurately is 
based on the principle of light interference. The instrument based 
on this principle is called an interferometer and is used for the 
calibration of gage blocks and other dimensional standards. Other 
optical instruments in wide use are various types of microscopes 
and telescopes, including the conventional surveyor’s transit which 
is employed for measurement of large distances. 


1S8 


t Tolerances arc for blocks less than 1 in. thick; for greater thickness the 
same tolerances arc per inch. 
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FIf. 5«4. Interfercrree principle, (a) Beams In phase; (b) beams out 
of phase. 


Consider the two sets of light beams shown in Fig 5-4. In (a) 
the two beams arc m phase so that Ihe brightness at point P is 
augmented when they intersect In (6) the lieams are out of phase 
by half a wavelength so that a cancellation is observed, and the 
light waves are said to tnlerfere with each other This is the essence 
of the interference principle The effect of the cancellation is 
brought about by allowing two light waves from a single source 
to travel along paths of different lengths When the difference in 
the distance is an integral multiple of wavelength, there will be a 
reinforcement of the waves, while there will be a cancellation when 
the difference in the distances is an odd multiple of half-wavelengths 
Now let us apply the interference principle to dimensional 
measurements Consider the t«o parallel plates shown in F ig 5-5 
One plate is a transparent, sirain-frec glass accurately polished 
flat vnthin a few niicromchcs The other plate has a reflecting 
metal surface The glass plate is called an optica! flat Parallel 



Fie. 5-5, Application of Interference principle- 
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Monwliromatic 

source 



Fig. 5-6. Schematic of Intorlerometcr. 


light beams A and B arc projected on tl\e plates from n suitable 
collimating source. The separation distance between the plates d 
is assumed to be quite small. The reflected beam A intersects the 
incoming beam B at the point P. Since the reflected beam has 
traveled further than beam B by a distance of 2d, it will create 
an interference at point P if this incremental distance is an odd 
multiple of \/2. If the distance 2d is an even multiple of X/2, the 
reflected beam will augment beam B. Tims, for 2d = X/2, 3X/2, 
etc., the screen S will detect no reflected light. Now consider 
the same two plates, but. let them be tilted slightly so that the 
distance between the plates is a variable. Now, if one views the 
reflected light beams, alternate light and dark regions will appear 
on the screen indicating the variation in the plate spacing. The 
dark lines or regions arc called fringes, and the change in the separa- 
tion distance between the positions of two fringes corresponds to 


A(2d) = ^ 


(5-1) 


The interference principle offers a convenient means for measuring 
small surface defects and for calibrating gage blocks. The \ise of a 
tilted optical flat ns in Pig. 5-5 is an awkward method of utilizing 
the principle, however. For practical purposes the interferometer, 
ns indicated schematically in Fig. 5-G, is employed. Monochro- 
matic light from the source is collimated by the lens L onto the 
splitter plate Si, which is a half-silvered mirror that reflects half 
of the light toward the optically flat mirror M and allows trans- 
mission of the other half toward the workpiece IF. Both beams 
arc reflected back and recombined at the splitter plate Sj and then 
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^^echanical displacement may also be vnT for 

of the electric transducers discus^ in Chap 4. e > 
example, can be used to sense displacements as . pf 

Rwstance transducers are primarily of value or . Capaci- 
fairly large displacements because of their poor rew , pj^^ndp 
>»« and pieaonleatric trannducan,, on tl« «*" J"™','’™ 
iugh resolution and are suitable for dynanuc roe. 


5-5 PNEUMATIC DISPLACEMENT GAGE 

r< t ■ r- e.” Air is supplieti at a con- 

consider the system shown in .nd through the 

rtant pressure p,. The flow through we otm« 
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Am!)ient pri*ssun* = Pa 



Oii/u't* V 

! 
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Fig. 5-7. Pneumatic displacement device. 


outlet of diameter di is governed by the separation distance x 
between the outlet and the workpiece. The change in flow with x 
will be indicated by a change in the pressure downstream from the 
orifice pj. Thus, a measurement of this pressure may be taken 
as an indication of the separation distance x. For purposes of 
analysis we assume incompressible flow. (Sec Sec. 7-3 for a dis- 
cussion of the validity of this assumption.) The volumetric flow 
through an orifice may be represented by 


Q = CA VIp (5-2) 

where 

C = discharge coefficient 
A — flow area of the orifice 
Ap = pressure differential across the orifice 


There are two orifices in the situation depicted in Fig. 5-7, the 
obvious one and the orifice formed by the flow restriction between 
the outlet and the workpiece. We shall designate the area of the 
first orifice Ai and that of the second Aj. Then, Ecj. (5-2) becomes 

Q = CiAi Vpi - Pi ~ CjAi Vpi - Pa (6-3) 

where p, is the ambient pressure and is assumed constant. Equa- 
tion (5-3) may be rearranged to give 

r = ~ Po ^ 1 

Pi - Pa 1 -f (Aj/A,)2 (5-4) 

where it is assumed that the discharge coefficients Ci and Cj are 
equal. We may now observe that 


Ai 


JT di‘ 

4 


A J = ir diZ 


(5-5) 
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Thus we see the relation bcts\ een the pressure ratio r and the work- 
piece displacement r, Graneek and Evans (!) have shown experi- 
mentally that the relation between r and the area ratio Ai/A\ is 
very nearly linear for 0.4 < r < 0.9 and that 

r =1^0-0.50^ ji-T) 

for this range Introducing Eqs (5-5) and (5-6), we have 

r = = 1 10 - 2 00^—^* for04<;r<0.9 (5-8) 


Example 5*3 

A pneumatic displacement gace like the one shotrn in Fif 5-7 has 
dj ■ 0 030 in and rfj «• 0 fV52 m The supplj pressure is 10 0 psig, and 
the differential pressure pj - p, is measured mth a aatermSDoroefer which 
may be read with an uncertainty of 0 05 in H»0 Calculate the displace* 
ment range tor which Eq (5-8) applies and tbeunieruinty in this measure, 
tnent, assuming that the supply pressure remains constant 

Sehiion \?e have 


0 062 
" (0.030)* 


tlTien f «* 0 4, we have, from Eq (5*8), 


l.IO - 0.4 

(2.00)(6» 8) 


= 0.0509 m 


t\Tipn r =« 0 9, z •= 0.0145 m 

Utilizing Eq (3-2) as applied to Eq (5-8), »e have 

Furthermore, 

5: . -(2.00)(6S8) - -137,6 
pi — p. OX 

The uncertainty m the roeasureroent of p» — p. » 
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Thus, the uncertainty in - is given by 

From this example rre see that the pneumatic gage can be quite sensitive, 
even with modest pressure-measurement facilities at hand. 


S-6 AREA MEASUREMENTS 

There are many applications which require a measurement of a 
plane area. Graphical determinations of the area of survey plots 
from maps, the integration of .a function to determine the area 
under a curve, and analyses of e,xperimentrd data plots all may 
rely on a measurement of a plane area. There are also many 
applications for the measurement of surface areas, but such meas- 
urements are considerably more difficult to perform. 


5-7 THE PLANIMETER 

The planimeter is a mechaiiica! integr.ating device which is used 
for measurement of plane areas. Consider the schematic repre- 
sentation shown in Fig. 5-S. The point 0 is fi.xed while the tracing 
point T is moved around the periphery of the figure whose area 
is to be determined. The wheel IF is mounted on the arm BT so 
that it is free to rotate when the amt undergoes an angular dis- 



Fig. $-S, Schematic of a polar planimeter. 
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placement The wheel has engraved graduations and a vernier 
scale so that its exact number of revolutions may be determined 
as the tracing point moves around the curv'c. The planimeter 
and area are placed on a flat, relatjwly smooth surface so that the 
wheel ir will only slide when the arm BT undcigoes an axial trans- 
lational movement. Thus the wheel regiateia zero angular dis- 
placement when an axial translational movement of arm BT is 
experienced. Let the length of the tracing arm BT be L and the 
distance from point B to the wheel be a. The diameter of the 
wheel is D The distance OB is taken as R. Now suppose the 
arm BT is rotated an angle dB and the arm OB through an angle 
d4> as a result of movement of the tracing point. The area snept 
out by the arms BT and OB is 

dA *= jL* dB + LR Bin ffd<t> + + L* - 2fl4) (5-9) 

uberei? is the angle betneen the tvoarma. Siavhrly, the distance 
traveled by the rim of the wheel owing to rotation is 

da a dB + R tin 0 dd (5-10) 

Equations (6-9) and (5-10) may non be integrated for a complete 
traverse of the tracing point around the area There results 

A^iL*!d8 + LR! 8indd«-i-i(/2* + B*-2oL)/d^ (5-11) 

and 

t af dB + R{ sin 0d^ (5-12) 

Since the tracing arm comes back to its original position, 

JdB = 0 
« = /?/ sin ^ dij> 

and 

-4 = + - 2aL)(«i - ♦,) (M3) 

If the pole point 0 is outside the area, as shown In Fig 5-8, 4't = 

If it is inside the area, «i - * 2ir. Note that when the pole 

is outside the area, the distances B and a do not enter into the 
calculation of the area. The last term in Eq. (5-13) represents 
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Fig, 5-9. Construction of a' polar planlmetcr. 


the area of the sero circle, which is the area the tracing point would 
sweep out when the pivot point is inside the area and the wheel 
reading is zero. 

The instrument described above is called a polar planimeier. 
Typical commercial devices have a wheel circumference of 2.50 in., 
and models are available with both fixed- and adjustable-length 
tracing arms. The area of the zero circle is frequently given by 
the manufacturer but may also be determined as in Example 5-4. 
The construction of the polar planimeter is indicated in Fig. 5-9. 

The polar planimeter is not generally suitable for the measure- 
ment of long narrow areas because the pivot point must be fi.xed. 
The roller planimeter shown in Fig. 5-10 is suitable for these meas- 
urements. The two rollers R are connected through a bevel-gear 
arrangement to the table A. The wheel W is in contact with the 
table and rotates in accordance with the number of revolutions 
of the table. The tracing point T is connected to the mounting 
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for the wheel so that its movement causes the wheel to move inward 
and outward on the rotating table. The rotation of the wheel 
depends upon its distance from the center of the table so that it is, 
in turn, dependent on the displacement of the tracing point in a 
direction parallel to the axis of the two rollers Thus, the total 
indication of the wheel is a function of the distance moved by the 
rollers and the perpendicular displacement of the tracing point 
and IS consequently a function of the area traversed. The device 
may be used for a large class of area measurements since it can 
move in two directions. 


Example 5-4 

A planimcter «ith a fired tracing arm 4 00 tn. long has a wheel circum* 
ferenee of 2 50 in The instruction sheet tor the instrument is lost so that 
the area of the lero circle is not knoan To determine the area of the zero 
circle, a certain area U measured with the pole both inside and outside the 
area. With the pole outside the area the wheel records 2 55 revolutions 
With the pole inside the ares the wheel records -1301 revolutions Calcu- 
late the ares of the zero circle and the reading of the planimeter when it is 
used to trace out a circle 9 in m radius 

Solution. From Eq (5-13) we have 

A m Lt + At 

where At u the area of the zero circle The true ares is the value of Lt 
when the pole is outside the area Thus. 

A ■» (4.001(2 55){2 50) - 25 50 in* 

and 


At •= 25.50 - (4 00)(-J3 011(2.60) - 155 6 in * 

When the planimeter is used to measure a 9-m.-radius circle we have 

A -A, r(9)‘ - 155 6 

• •* L~ - 4 00 = 

The number of wheel revolutions is thus 


_ 717 

■ 2.60 “ 
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5-8 GRAPHSCAL AND NUmERiCAL 
fslETKCrDf; FOR AREA iTil E AS U K E »1 E N T 

A very simple method of plane-area measurement is to place the 
figure on coordinate paper and count the number of squares enclosed 
by the figure. An appropriate scale factor is tlie.n applied to deter- 
mine the area. Numerical integration is commonly applied to 
determine the area under an irregular curve. Perliaps the two most 
common methods are the trapezoidal rule and Simpson’s rule. 
Consider the area shown in Fig. 5-11. The area under the curve is 

A = hi dx (5-14) 

If the figure is divided into equal increments Ax along the x axis, the 
trapezoidal rule gives for the area 

^ ^ y\ ^ (5-15) 

Wiien i.hc area is divided into an even number of increments, Simp- 
son’s rule gives 

d = |i/0 -b 2/„ 4- y y.[3 -1- (-l)'+‘]l (5-16) 

t-l ’ 

The trapezoidal rule is obtained by joining the ordinates of the curve 
wnth straight lines, while the result given by Eq. (5-lG) is obtained 
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by Joining three points at a time •with a parabola. Both of the above 
equations are special cases of a general elass of equations called the 
Newton-Cotea integration formulaa A derivation of these formulas 
is based on an approximation of the actual curve with a polynomial 
which agrees with it at n + 1 equally spaced points The general 
form of the integration formulas is derived in Ref. [2] and may be 
written in the following way 

f’'Kt) dx - 2 WM (5-17) 

where 


ix.n^ 

n 



(S-18) 

I* = 4- i 



(5-J9) 

and the coefGeients Ct 

are given by 



r. 

(* “ fc + l)(s - Ik - 

1) 

(* - n) 

h Hk-l) ■ 

(fc - * -I- l)(* - i - 


(fe-n)* 




(5-20) 

The variable a is defined aecordiog to 






(5-21) 


Note that the Newton-Cotes formulas use n increments in the inde- 
pendent variable and that this requires a matching of a polynomial 
at n -f 1 points in the region which is to be integrated A dis- 
cussion of the errors involved in the above formulas is given by 
Hildebrand (2]. 

5-9 SURFACE AREAS 

Consider the general three-dimensional surface shown in Fig 5-12 
The surface is described by the function 

* - /(*,!/) 

and the surface area is given in Ref (4] as 
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If the function z is know-n and well-behaved, the integral in Eq. (5-22) 
may be evaluated directly. Let us consider the case where the func- 
tion is not given, but specific values of c.are known for incremental 
changes in x and y. The increments in x and y are denoted by A® 
and Ay, while the value of z is denoted by 2 „r where the subscript n 
refers to the x increments and the superscript p refers to the y 
increment. We thus have the approximations 


dz _ 

Z?+l - 2-.” 

dx ~ 

Ax 

dz ^ 

- Z„» 


Ay 


The integral in Eq. (5-22) is now replaced by the double sum 

- - n [C-^7 + + 'I - <«*> 

The surface area may be determined by performing this numerical 
summation. 


PROBLEMS 

5-1 A 12-m. steel scale is graduated in increments of 0.01 in. and 
IS accurate when used at a temperature of fiO^F. Calculate the 
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error in an ll-in. measurement wben the ambient temperature 
IS 100*P. Bhouid the person usostfaetcaie be concerned about 
this error? Why? 

5-2 Calculate the temperature error in a 76-ft measurement with 
a steel surveyor’s tape at -J0*F when the tape is accurate at 
60*F 

5-3 Show that the spacing distance d in Rg. 5-5 can be represented 
by 



where n is the number of fringe lines. 

5-4 A pneumatic displacement gage Is designed according to the 
arrangement m Fig. 5-7 An air supply pressure of 20 psig is 
available, and displacements are to be measured over a range 
of 0.500 in. The orifice diameter is 0 250 in Calculate the 
maximum displacement which may be measured in the hnesr 
range of operation and the outlet tube diameter di 
5*5 A planimeter is used to measure the area of an irregular plane 
figure The wheel circumference is 2 50 in , and the tracing 
arm is adjustable. With a tracing-arm length of 2 00 m. and 
the pole outside the area the wheel indicates 0.52 revolutions. 
With a tracing-arm length of 4 00 m. and the pole outside the 
area the w'heel indicates i 70 revolutions Do the two readings 
correspond to the same area? If not, how do you explain the 
differences? 

5-6 Plot the equation 

y =* 3 -f 4i - 6x‘ -h 2 8r* - 0 13r« 

for the range 0 < i < 5 Determine the area under the curve 
by counting squares and also by numerical integration using 
the trapezoidal relation and Simpson'a rule Calculate the 
error in each of these three cases by comparing the results with 
that obtained analytically 

5-7 Use the trapezoidal rule and Simpson'a method to perform the 
integration 

A jj sin X dx 

Use 4, 8, and 12 increments of rand calculate the error for each 


case 
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5-8 Consider the sphere given by 
+ + == 25 

Using the summation of Eq. (5-23), calculate the surface area 
bounded by a: = ±1 and y ~ +1. Use = Ay = 0.5. 
Determine the error in the calculation by comparing it with 
the true value as calculated from Eq. (6-22). 

5-9 By suitable numerical integration determine the surface area 
and volume of a right circular cone having a height of 5 in. and 
a base diameter of 6 in. Compare the result with that obtained 
by an exact calculation. 
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chapter 6 


Pressure measurements 


6.1 INTRODUCTION 

Pressure is represented as a force per unit area. As such, it has the 
same units as stress and may, in a general sense, be considered as a 
type of stress. For our purposes we shall designate the force per unit 
area exerted by a fluid on a containing wall as the pressure The 
forces which ansc as a result of strains in solids are designated as 
stresses and discussed m Chsp. 10. Thus, our discussion of pressure 
measurement is one which is restricted to fluid systems Absolute 
pressure refers to the absolute value of the force per unit area exerted 
on the containing wall by a fluid Gaije pressure represents the dif* 
ferenco between the absolute pressure and the local atmospheric 
pres sure Vacuum represents the amount by which the atmospheric 
pressure exceeds the absolute pressure Prom these definitions we 
sie^hat the absolute pressure may not be negative and the vacuum 
may not be greater than the local atmosphenc pressure The three 
terms are illustrated graphically in Fig 6*1. It is worthwhile to 
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mention that local fluid pressure may be dependent upon many 
variables; elevation, flow velocity, fluid density, and temperature are 
parameters which are of frequent importance. 

In the engineering system of units pressure is usually expressed 
in pounds per square inch absolute (psia). Gage pressure carrying 
the same units is designated with the symbol psig. Pressure is 
frequently expressed in terms of the height of a column of mercury 
which it will support at a temperature of 68°F. At standard atmo- 
spheric pressure of 14.696 psia this height is 760 mm with the density 
of mercury taken as 13.5951 g/cm^ Some other units which are 
commonly used are; 

M microbar = 1 dyne per square centimeter 
-a millimeter = 1333.22 microbars 
^1 micron = 1 g = 10'"° meter Hg = 10“’ millimeter Hg 
"'Ftorr = 1 millimeter Hg 

Fluid pressure results from a momentum exchange between the 
molecules of the fluid and a containing wall. The total momentum 
exchange is dependent upon the total number of molecules striking 
the wall per unit time and the average velocity of the molecules. 
For an ideal gas, it may be shown that the pressure is given by 

p = (6-1) 


where 

n = molecular density 
m = molecular mass 

^rms ~ root-mean-square molecular velocity 
It may also be shown that 



where 


T = absolute temperature of the gas 

k = 1.3803 X 10“” joule/molecule-'K (Boltzmann’s constant) 

Equation (6-1) is a kinetic theory interpretation of the ideal gas law. 
An expression for the pressure in a liquid would not be so simple. 

The mean free.path.is defined as.the. average distance a molecule 
travels between collisions. For an ideal gas whose molecules act 
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approximately like billiard balls 

^ ( 6 - 3 ) 

where r is the effective radius 0 / the molecule and \ is the mean bee 
path. It is clear that the mean free path increases with a decrease in 
the gas density. At standard atmospheric pressure and temperature 
the mean free path is quite small, of the order of 10~‘ cm. At a pres- 
sure of 1 ji, however, the mean free path would be of the order of 1 
cm. At very low pressures the mean free path may be significantly 
greater than a characteristic dimension of the contaimng vessel. 

A variety of devices are available for pressure measurement, as 
we shall see in the following sections. Static, 1 e , stcady-state pres- 
sure, is not difficult to measure with good accuracy Dynamic 
measurements, however, are much more perplexing because they are 
influenced strongly by the characteristics of the fluid which is 
studied as well as the construction of the measurement device In 
many instances a pressure instrument which pves very accurate 
results for a static measurement may be entirely unsatisfactory for 
dynamic measurements We shall discuss some of (he factors which 
are important for good dynamic response in conjunction with the 
exposition associated with the different types of pressure-measure- 
ment devices. 


6-2 DYNAMIC RESPONSE 
CONSIDERATIONS 

The transient response of pressure-measuring iastniments is depend- 
ent on two factors: (1) the response of the transducer clement n hich 
senses the pressure and (2) the response of (he pressure-transmuting 
fluid and the connecting tubing, etc. This latter factor is frequently 
the one which determines the overall frequency response of a pres- 
sure-measurement system, and, eventually, direct eahbnition must 
be relied upon for determining (his response An estimate of the 
behavior may be obtained with (be following analysis Consider 
the system shown in Fig 6-2 The fluctuating pressure has a 
frequency of w and an amplitude of p« and is impressed on the tube 
of length A and radius r At the end of this tube is a chamber of 
volume F where the connection to the pressure-sensitive transduf^ 
is made. The mass of fluid vibrates under the influence of 
friction m the tube which tends to dampen the motion If the o'-*]’ 
ventional formula for laminar friction resistance in tube flowi* ‘ 
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Fig. G-2. ^hematic of pressurc>transmlttlng system. 


to represent this friction, the resulting expression for the pressure 
amplitude ratio is 


P 1 

Po {[1 — (w/e)„)*J* + 4/ri(a)/ii)„)^!* 


(6-4) 


In this equation, p is the amplitude of the pressure signal impressed 
on the transducer. The natural frequency a>„ is given by 


«n 




l3rrV 

4LV 


(6-5) 


and the damping ratio h is 


h 


2p / sTF 

per* V r 


(6-6) 


In the above formulas, c represents the velocitj' of sound in the fluid, 
fi is the dynamic viscosity of the fluid, and p is the fluid density! 
The phase angle for the pressure signal is 




= tan~* 


—2h{ta/(p„) 
1 — (oj/Wn)* 


(6-7) 


When the tube diameter is very small, as in a capillary, Eq (6-4) 
becomes ' 


£ 

po 


1 

[1 4- 4h*(a,/«„)*)I 


(6-8) 


transmitting fluid is a gas, the entire system can act as a 
Helmholtz resonator with a resonant frequency of 


_ irrV 'll 

Lni-t-iv^). 


(6-9) 
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More complete information on the dynamic response of pressure- 
measurement systems is given in Refs. [!}, (7], and [IJ]. 

From Eq. (6-8) It is evident that a capillary tube may be used 
for effective damping of pressure signals with frequencies appreciably 
higher than the natural frequency. The tube is then said to act as 
an acoustical filter. 


MECHANICAL PRESSURE- 
MEASUREMENT DEVICES 

Mechanical devices offer the simplest means for pressure measure- 
ment. In this section we shall examine the principles of some of the 
more important arrangements 

The fluid manometer is a widely used device for measurement of 
fluid pressures under steady-slate conditions. Consider first the 
t/-/u6e man<meler shown in Fig. G-3 The difference m pressure 
between the unknown pressure p and the atmosphere is determined 
as a function of the differential height k The density of the fluid 
transmitting the pressure p is p/, and the density of the manometer 
fluid IS designated as A pressure balance of the two columns 
dictates that 

P. + Ap- ■* P + - kfif (6-10) 

e< 7 * 

or 

p — p* ^ — pf) (6-11) 

Equation (6-11) gives the basic pnnciple of the U-tube manometer 
It is to be noted that the distance h is measured par^lel to the 
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gravitational force and that the differential pressure p — Po is 
measured at the location designated by the dashed line. If the 
location of the pressure source is at a different elevation from this 
point, there could be an appreciable error in the pressure determina- 
tion, depending upon the density of the transmitting fluid. 

A well-type manometer operates in the same manner as the U-tube 
manometer except that the construction is as shown in Fig. 6-4. In 
this case the pressure balance of Eq. (6-10) still yields 

p - p» ~ Hp„ - p/) 
yc 

This equation is seldom used, however, because the height h is not 
the fluid displacement which is normally measured. Typically, the 
well-type manometer is filled to a certain level at zero-pressure dif- 
ferential conditions. A measurement is then made of the displace- 
ment of the small column from this zero level. Designating this 
displacement by h', we have 

h'Ai = (h~ h’)Ax (6-12) 

since the volume displacements are the same on both sides of the 
manometer. Inserting Eq. (6-12) in (6-10) gives 

p - p„ = h' -f ij (p„ -- pA (6-13) 

Commercial weil-type manometers have the scale for the manometer 
column graduated so that the user need not apply the area correction 
factor to the indicated displacement h'. Thus, for an area ratio of 
Ai/A, = 0.03, a true reading of 10.0 in. for ft' would be indicated as 
10.3 as a result of the special scale graduation. The indicated value 
is then substituted for ft in Eq. (6-11). 




p 



Fig, G-4. Well-type manometer. 
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Manometers may be oriented in an inclined position to lengthen 
the scale and improve readability, or epecia) optical sightglasses and 
vernier scales may be employed to prowde more accurate location 
and indication of the manomelcr-fluid height than could be obtained 
with the naked eye When mercury is the inanometer/Juid, vsriaWe- 
reluctancc pickups may be used to accurately »nse the fluid height 
Special metal floats may also afford such a convenience with less 
dense fluids which are noncooductive. 

When a well-type manometer is arranged as in Fig 0-5, it is 
commonly called a barometer The top of the column is evacuated 
while the well is exposed to atmospheric pressure The height h Is 
thus a measure of the absolute atmospheric pressure When 
p, 14 696 psia, the height of a column of mercury at 68“F would 
be 760 mm. 


6-4 DEAD-WEIGHT TESTER 


Thgjlgac’ -■ -J/--U-1 

.With a k 

static ca . , ■ 

actual p 

only mth the use of the dea^-weight tester os a calibration device. 

Consider the schematic in Fig. 6^ The apparatus is eet up for 
calibration of the pressure gage 0. The chamber and cylinder of the 
tester are filled with a clean oil by first moving the plunger to Hs 
most forward position and then slowly wiUidrawing it while the ^ 
is poured m through the opening for the piston The gage t^ 
tested is installed and the piston inserted in the cylinder The 
pressure exerted on the fluid by the piston is now transmitted to the 
gage when the valve is opened This prKsure may be v 
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gravitational force and that the differential pressure p - po is 
measured at the location designated by the dashed line. If the 
location of the pressure source is at a different elevation from this 
point, there could be an appreciable error in the pressure determina- 
tion, depending upon the density of the transmitting fluid. 

A well-type manometer operates in the same manner as the U-tube 
manometer except that the construction is as shown in Fig. 6-4. In 
this case the pressure balance of Eq. (6-10) still yields 

V - Vo = ~ ^(Pm - P/) 
yc 

This equation is seldom used, however, because the height h is not 
the fluid displacement which is normally measured. Typically, the 
well-type manometer is filled to a certain level at zero-pressure dif- 
ferential conditions. A measurement is then made of the displace- 
ment of the small column from this zero level. Designating this 
displacement by h', we have 

h’Ai = (/i - h')Ai (6-12) 

since the volume displacements are the same on both sides of the 
manometer. Inserting Eq. (6-12) in (6-10) gives 

p - p, = ^ V -f 1^ (p„ - pf) (6-13) 

Commercial well-type manometers have the scale for the manometer 
column graduated so that the user need not apply the area correction 
factor to the indicated displacement h\ Thus, for an area r&tio of 
Ai/Ai = 0.03, a true reading of 10.0 in. for k' would be indicated as 
10.3 as a result of the special scale graduation. The indicated value 
is then substituted for h in Eq. (6-11). 


r“ 



Fig. G-4. Well-type manometer. 
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T\f. 6<5. Manometer used at • barometer. 

Manometers may be oriented in an inclined position to lengthen 
the scale and improve readability, or epecial optical sightglasses and 
vernier scales may be employed to provide more accurate location 
and indication of the manometer-Suid height than could be obtained 
with the naked eye When mercury is the manometer fluid, vanable- 
reluctance pickups may be used to accurately sense the fluid height. 
Special metal floats may also afford such a convenience ^ith less 
dense fluids which are nonconductivc. 

When a well-type manometer is arranged as in Fig C-5, it la 
commonly called a barometer. The top of the column is evacuated 
while the well is exposed to atmospheric pressure. The height h is 
thus a measure of the absolute atmospheric pressure When 
p. *> 14.696 psia, the height of a column of mercury at C8*F would 
be 760 mm 


6-4 DEAD-WEIGHT TESTER 



only with the use of the de^-wcight tester as a calibration de^nce 
Consider the schematic in Fig, 6-6. The apparatus is set up for 
calibration of the pressure gage G. The chamber and cylinder of the 
tester are filled with a clean oil by first moving the plunger to its 
most forward position and then slowly withdrawing it whole the oil 
is poured in through the opening for the piston. The gage to be 
tested is installed and the piston inserted in the cylinder The 
pressure exerted on the fluid by the piston is now transmitted to the 
gage when the valve is opened. This pressure may be vaned by 
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Fig. G-G. Schematic of a doad-wclght tester. 


adding weigUts to the piston or by vising difterent piston-cylinder 
combinations of varying areas. The viscous friction between the 
piston and the cylinder in the axial direction may be substantially 
reduced by rotating the piston-weight assembly while the measure- 
ment is taken. As the pressure is increased, it. may be necessary 
t o advance the plunger to account for compression of the oil and any 
entrapped gases in the apparatus. High-pressurc-dead-woight 
testers have a special lever system which is used to apply large forces 
to th^iston. 

Vfhc accuracies of dead-weight testers arc limited by two factors: 
(1) the friction between the C 3 dindcr and the piston and (2) the 
uncertainty in the area of the piston^^ The friction is reduced by 
rotation of the piston and use of long enough surfaces to ensure 
negligible flow of oil through the annular space between the piston 
and the cylinder. The area upon which the weight force acts is not 
the area of the piston nor the area of the cylinder; it is some effective 
area between these two which depends on the clearance spacing and 
the viscosltj' of the oil. The smaller the clearance, the more closely 
the effective area will approximate the cross-sectional area of the 
piston. It can be shownf that the percentage error due to the 
clearance varies according to 


Percent error 


(p Ap)*h’ 

y.DL 


( 6 - 14 ) 


t Seo, for oxftmple, Ref. [101, p. 105. 
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where 

P 

Ap 

b 

P 

D 

L 


density of the oil 

pressure differential on the cylinder 

clearance spacing 

viscosity 

piston diameter 

piston length 


At high pressures there can be an elastic deformatbn of the cylinder 
which increases the clearance spacing and thereby increases the error 
of the tester. 


6-5 BOURDON-TUee PRESSURE GAGE 

J^*^urdon-tube pressure gages enjoy a wide range of application where 
consistent, ineapensiTC measurements of static pressure are desired.*' 
They are commercially available in many sues (1 to 1C in. diameter) 
and accuracies. The Heise gagef is an extremely accurate bourdon- 
tube gage having an accuracy of O.I percent of full-scale reading 

t Maaaf&etured by Keise Gage Compsay, Ke«too, Coaa. 
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and is frequentlj emplojed as a secondary pressure standard in labo- 
ratory 'K'ork. 

The construction of a bourdon-tubs gage is snorcn in Fig. 6-/ . 
The bourdon tube itself is usually an eilipticsi cross-sectional tube 
having a “C”-shape configuration. When the pressure is applied to 
The inside of the tube, an elastic deformation results vrbichj ideally, 
is proportional to the pressure. The degree of linearity depends on 
the quality of the gage. The end of the gage is connected to a 
spring-loaded linkage ■which amplifies the displacement and trans- 
forms it to an angular rotation of the pointer. The linkage is con- 
structed so that the mechanism may be adjusted for optimum 
linearity and minimum hysteresis, as well as to compensate for wear 
which may develop over a period of time. Electrical-resistance 
strain gages (Sec. 10-7) may also be installed on tbe bourdon tube to 
sense the elastic deformation. 


6-6 DIAPHRAGM AND BELLOWS GAGES 

Diaphragm and bellovcs gages represent similar types of elastic 
deformation devices useful for many pressure-measurement applica- 
tions. Consider first the fist diaphragm subjected to the difierential 
pressure pi - p.-, as shown in Fig. 6-S. The diaphragm will be 
defiected in accordance with this presrare difierential and the deSec- 
tion sensed by an appropriate displacement transducer. Electrical- 
resistance strain gages may also be installed on the diaphragm, as 
shown in Fig. 6-9. The output of these gages is a function of the 
local strain which, in turn, may be related to the diaphragm deflec- 
tion and pressure dinerential. The deflection generally' follorrs a 
linear variation with Ap when the deflection is less than one-third 
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Fig. S-S. Schemstic ef a 
tHsphragmgage. 


Rg. &-S, Diaphragm 
sage using 
electrical- 
resistance 
strain gages. 
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Hs. (•lO. DcRectlen cfiaraetcristles of throe dliphrapn arranirmenti aceordlnK to 
Ref. I$|. (a) Edges fixed, uniform load over entire surface; (b) outer edge 
fixed and supported, Inner edge fixed, uniform load aver entire actual surface; 
{c) outer edge fixed and supported, inner edge fixed, uniform load along 
Inner edge. 


the diaphragm thickness Figure 6-10 compares the deflection 
characteristics of three diaphragm arrangements as given by Roark 
19] Note that the first two diaphragms have uniform pressure 
loading over the entire surface of the disk, while the third type has a 
load which is applied at the center boss In all three cases it is 
assumed that the outer edge of the disk is ngidly fixed and supported 
To facilitate linear response over a larger range of deflections than 
that imposed by the one-third thickness restnctioo, the diaphragm 
may be constructed from a corrugated disk, as shown in Fig 6-11 
This type of diaphragm is most suitable for those applications n here 


Fig. 6-11. Corrugated-disk diaphragm. 


n 
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Disp'.3«nie”' 
o! belio'A-s 


Fig. S-tZ. Schematic of a 
bellows pres- 
sure gage. 



Fig. 6-13. Capacitance pres- 
sure gage. 


a mechanical de^nce is used for sensing the deflection of the dia- 
phragm. Larger deflections are usually necessary rrith a mechanical 
amplification de\dce than for electric transducers. A good summary 
of the properties of eorpjgated diaphragms is given in Ref. [12]. 

The bellows gage is depicted schematically in Fig. 6-12. A dif- 
ferential pressure force causes a displacement of the bellows which 
may be converted to an electric signal or undergo a mechanical 
amplification to permit display of the output on an indicator dial. 
vThe bellows gage is generally unsuitable for transient measurements 
because of the larger relative motion and mass involved.'^ The dia- 
phragm gage, on the other hand, may be quite stiff, involves rather 
small displacements, and is suitable for high-frequency pressure 
measurements. 

'^he deflection of a diaphragm under pressure may be sensed by 
a capacitance variation'as shown in Fig. 6-13. Such pressure pick- 



Flg. 6-14. SchematicofLVDT-diaphragmdincrentlalpressure 
gage. (Courtesy Sanborn Company.) 


X64 



Prttttir* m»*tiirtn»«n|i 


cps are vfS-snited for dynan\u' raeisurcmonl • Mi»ro tlio i\t\tiirrl 
frequescT cf disphra^isis can bo rather high. 'Hu- »-tpifitnmo 
p’ctup, however, involves low seasilnuj*, and inn* miht I'l? 

exerted in the coastroctioa of readout circuitrj- A spliPinitli* illn- 
gram of & LVDT-^phiazni differential pressure gage is shinNn in 
Fig. &-14. Commercial models of thistjpeof pgc permit mensur*'' 
ment of pressures as low as 0 000035 ps* 

The natural frequency of a circular duphmgm fixed at lit 
perimeter is given by Hetenyi (51 as 


, 10.21 I 


cps 




where 

E ss modultrs of elasticity, psi 
I s! thickness, in. 
a *3 radius of the diaphragm, in 
p e density of the material, lb«/in.* 

ft *“ dimeDsioiial conversion constant, expres.vd m units cf 
inches - 3S3 9 lb«.in./lbrfec*) 

M - Poisson's ratio 

Equation (6-15) may be simpbfied to the following relation for steel 
disphragms: 

/- 1934 X 10'—, O'-'®' 


where t and a are in inches. 


Example A-l 

A diaphragm pressure gage fa to be ron^tfuctcil of sprinc steel 
(E = 29 X 10' psi, p = 0 3) Z in. in diameter and » to be designM to 
measure a maximum pressure of 200 psig Calculate the ihicVnr^ of the 
gage required so that the maximum deflection fa one-third this lhicVne.ss 
Calculate the natural frequency of this diaphragn.. 

Soh/fion Using the relaUon from Fig MO, w hw 


H_ (9)(200)(10)« 
{16)(29 X 10‘) 
1 = 0(M33 in. 


3 53 X 10-* m « 
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We may calculate the natural frequency from Eq. (6-15) 

. 10.21 r(385.9)(29 X 10')(0.0433)KE^1f 

" Tip' L (12) (1 - 0.09) (490) J 

= 26,600 cps 


6-7 THE BRIDGMAN GAGEf 

is known that the resistance of fine wires changes n-ith the pres- 
sure according to a linear relationship. 

R = Ri(l -h b Ap) (6-17) 

Ri is the resistance at 1 atm, 6 is the pressure coefficient of resistance, 
and Ap is the gage pressure. This effect may be used for measure- 
ment of pressures as high as 100,000 atm [4], A pressure transducer 
based on this principle is called a Bridgman gagev^ A typical gage 
employs a fine wire of Manganin (84 percent Cu, 12 percent Mn, 
4 percent Ni) wound in a coil and enclosed in a suitable pressure 
container. The pressure coefficient of resistance for this material 
is about 1.7 X 10~’ psi"h The total resistance of the unre is about 
100 ohms, and conventional bridge circuits are employed for measur- 
ing the change in resistance. Such gages are subject to aging over a 
period of time so that frequent calibration is required; however, 
when properly calibrated the gage can be used for high-pressure 
measurement with an accuracy of 0.1 percent. The transient 
response of the gage is exceedingly good. The resistance frire itself 
can respond to variations in the megacycle range. Of course, the 
■ overall frequency response of the pressure-measurement system 
would be limited to much lower values because of the acoustic 
response of the transmitting fluid. Many of the problems associated 
Vi-ith high-pressure measurement are discussed more fully in Refs. 
[2], [6], and [13]. 

G-8 LOW-PRESSURE MEASUREMENT 

The science of low-pressure measurement is a rather specialized field 
which requires considerable care on the part of the experimentalist. 
The purpose of our discussion is to call attention to the more prom- 
inent types of vacuum instruments and describe the phvsical prin- 
ciples upon which they operate. For those readers requiring more 

t P. W. Bridgman, Proc. Natl. Acad. Sci., V.S., vol. 3, p. 10, 1917. 
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epecialized information we refer them to the excellent monograph by 
Dushman and Lafferty (3) The reader may also consult this 
reference for information on the various techniques for producing 
and maintaining a vacuum. 

For moderate vacuum measurements the bourdon gage, manom- 
eters, and vanous diaphragm gages may be employed Our dis- 
cussion in this section, however, is concerned with the measurement 
of low pressures which are not usually accessible to the conventional 
gages. In this sense, we are primarily interested in absolute pres- 
sures below 1 torr. 


6-9 THE MCLEOD GAGEf 

The McLeod gage is a modified mercury manometer which is con- 
structed as shown in Fig 6-15. The movable reservoir is lowered 

tH McLeod, m A/«r.vol 48, p 110,1874 



Fig. e>15. The McLeod cage. 
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until the mercury column drops below the opening 0. The bulb B 
and capillary C are then at the same pressure ns that of the vacuum 
source p. The reservoir is subsequently raised until the mercury 
fills the bulb and rises in the capillary to n point where the level in 
the reference capillary is located at the zero point. The volume of 
the capillary per unit length is denoted by a so that the volume of 
the gas in the capillary is 


Vr ~ ay 


(6-18) 


where y is the length of the capillary occupied by the gas. 

We designate the volume of the capillary, bulb, and tube down 
to the opening as V„. The pressure of the gas in the capillary is thus 


Vc 



(6-19) 


Now, the pres.-^uro innie.afed by the capillary is 

Pc - p = y (6-20) 


whore we arc expressing the pressure in terms of the height of the 
tncroui'j' column. Combining Eqs. (C-18) to (C-20) gives 


^ Vn - ay 

For most cases ay « V,, and 


( 6 - 21 ) 



(6-22) 


Commercial McLeod gages have the capillary calibrated directly in 
microns. The McLeod gage is insensitive to condensed vapors 
which may be present in the sample and arc generally applicable to 
the pressure range from 10-’- to 10^ y.. 


Example 6-2 

A McLeod gage has F„ = 100 cm> and a capillary diameter of 1 mm. 
Calculate the pressure indicated by a reading of 3.00 cm. What error 
would result if Eq. (C-22) were used instead of Eq. (6-21) ? 
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Sehllon. We have 

V. (30.0) = 23.6 mm‘ 

r« *> 10* mm* 


Frorn Eq (6-21), 


_ (23 6) (30 0)* 
^ 10* - 23.6 


0 212 ton- 


212 m 


The fractiooal error m using Eq (6-22) would be 
Error - ^ = 2 36 X 10“* 
or a negligibly small value. 


6-10 PIRANf THERMAL-CONDUCTIVITY 
GAGEt 

lowpressuresj^e effective thermal conductivity of gases decreases 
with pressureV^ "The Pirani gage is a device which measures thepres- 
8ure through the change m thermal conductance of the gas The 
gage 18 constructed as shown m Fig 6-16 An electrically heated 
filament is placed inside the vacuum space The heat loss from the 
filament is dependent upon the thermal conductivity of the gas and 
the filament temperature. The lower tlic pressure, the lower the 
thermal conductivity and consequently the higher the filament tem- 
perature for a given electric-energy input The temperature of the 
filament could be measured by a thermocouple, but m the Pirani- 
type gage the measurement is made by observing the variation in 
resistance of the filament material (tungsten, platinum, etc ) The 
resistance measurement may be performed with an appropriate 
bridge circuit. The heat loss from the filament is also a function of 
the ambient temperature, and in practice, fico gages are connected 

t M. Piratu, Verhandl. dtui. phytxk Gea , vol 8, p 686, 1906 


Fig. 6-16. Schematic of Pir*nl xage. 


‘-V'Ar* 
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Fig. G-17- PIranl-gagc arrangement to compensate for 
change In ambient temperatures. 


in series ns shown in Fig. 6-17 to compensate for possible variations 
in the ambient conditions. The compensator gage is evacuated and 
enclosed in a constant-temperature bath in order to provide a satis- 
factory reference condition. 

Pirani gages require an empirical calibration and are not gen- 
erally suitable for use at pressures much below 1 p. The upper limit 
is about 1 torr. '^or higher pressures the thermal conductance 
changes verj’ little with pressurey^ It must, be noted that, the heat 
loss from the filament is also a function of the conduction losses to 
the filament supports and radiation losses to the surroundings. The 
lower limit of applicability of the gage is the point where these effects 
overshadow the conduction into the gas. The transient response of 
the Pirani gage is poor. The time necessary for the establishment 
of thermal equilibrium may be of the order of several minutes at low 
pressures. 


6-11 THE KNUDSEN GAGEf 

Consider the arrangement shown in Fig. 6-18. Two vanes T’’ along 
with the mirror M arc mounted on the thin filament suspension. 
Near these vanes are two heated plates P, each of which is maintained 
at a temperature T. The separation distance between the vanes and 
plates is less (han the mean free path of the surrounding gas. Heaters 
are installed so that the temperature of the plates is higher than that 
of the surrounding gas. The \'anes are at the temperature of the 
gas Pj. The molecules striking the vanes from the hot plates have 
a higher velocity than those leaving the vanes because of the differ- 
ence in temperature. Thus, there is a net momentum imparted to 
the vanes which may be measured bj' obser\nng the angular dis- 
placement. of the mirror, similar to the technique used in a light- 
beam galvanometer. The total momentum exchange with the 

t M. Knudsen, Ann. Ph/sik, vol. 32, p. 809, 1910. 
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Fit. Sehecnatle ol a Knudsen 
cate. 



vanes is a function of molecular density, which, in turn, is related 
to the pressure and temperature of the gas An expression for the 
gas pressure may thus be derived in terms of the temperatures and 
the measured force. For small temperature differences T — T, it 
may be shown that this relation is [3] 


(6-23) 


where the pressure is in dynes per square centimeter when the force 
is in dynes. The temperatures are in ®K- 

The Knudsen gage furnishes an absolute measurement of the 
pressure which is independent of the molecular weight of the gas. 
It is suitable for use between Iff"* and 10 it and may be used as a 
calibration device for other gages in tWs region 


6-12 THE IONIZATION GAGE 

Consider the arrangement shown in Fig 6-19, which is similar to 
the ordinary triode vacuum tube. The heated cathode emits elec- 
trons which are accelerated by the positively chared grid As the 
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Fig. 6-19. Schematic of on lonlaatlon 
gage. 


electrons move toward the grid, they produce ionization of the gas 
molecules through collisions. The plate is maintained at a negative 
potential so that the positive ions are collected there, producing the 
plate current ip. The electrons and negative ions are collected by 
the grid, producing the grid current tp. It is found that the pressure 
of the gas is proportional to the ratio of plate current to grid current. 


P = 


1 fp 
S rV 


(6-24) 


where the proportionality constant <8 is called the sensitivity of the 
gage. A typical value for nitrogen is S = 20 torr~^, but the exact 
value must be determined by calibration of the particular gage. 
The value of S is a function of the tube geometry and the type of gas. 

Conventional ionization gages are suitable for measurements ■ 
between 1.0 and 10”® a, and the current output is usually linear in 
this range. At higher pressures there is the danger of burning out 
the cathode. Special types of ionization gages are suitable for 
measurements of pressures as low as 10” ” torr. Very precise 
experimental techniques are required, however, in order to perform 
measurements at these high vacuums. The interested reader should 
consult Ref. 13) for additional information. 


6-13 THE ALPHATRONt 

The Alphatron is a radioactive ionization gage, which is shown sche- 
matically in Fig. 6-20. A small radium source serves as an «-particle 
emitter. These particles ionize the gas inside the gage enclosure, 
and the degree of ionization is determined by measuring the voltage 
output E^. The degree of ionization is a direct linear function of 
pressure for a rather mdc range of pressures from 10”® to 10® torr. 
The output characteristics, however, arc?^ different for each type of 
gas used. The lower pressure limit of the gage is determined by the . 
length of the mean free path of the alpha particles as compared with 
t National Research Corp., Cambridge, Mass. 
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the enclosure dimensjons At very low pressurealheraean free path 
becomes so large that very few colhsioos are probable in the gage 
and hence the ionization level is very small ’"'^e Alpbstron has the 
advantage that it may be used at atmosphenc pressure as well as 
high vacuum and that there is no heated filament to contend «'itb 


»» 
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OH in the conventionni ionization gaRo. Confififtiiently, there in no 
proi)Io)n of aecidentiy hurninf; out a filament hceaufie of an inad- 
VP.vUiui exposure of the gafjo loi higli (above JO”' torr) prcBSUrcfi, 

6-14 SUMMARY 

J'igure <5-Z) Kives a convenient Kummary of the pressure ranges for 
v/hieh the gages discussed are normaily employed in practice. 


PROBLEMS 

C-1 A mercury baromefer i/j con,‘i(rueted like that siiown in Fig. 
O-i), 'I'he column i.s a gl-ass tube O.Z.'iO in, fl) and 0.37^ in. 
OJ), nsid the v/ell is a glass dish F.'iO in. II), Calculate the 
percent error v/hich would result if an area correction factor 
v/crc not used, 

G-2 Derive an expre;i!;ion for the radiu.s of a simple diapliragm as 
fihov/fi in I'ig. O'JO using the follov/ing restrictions: 

«, TliP maximum deflection is one-fhird the thickness. 
h. 'I’hc maximum deflection must he 100 times as great as 
the uneerl.ainty in the deflection mcasurmnent 
Assume tliat the maximum pressure diJTercntial Ap is given as 
v/el! as 

6-3 Determine the factor to convert pressure in inches of water to 
pounds per square fool. 

6-4 'Fhe elTective radius of an air molecule is about ) .S.'i X I0“* cm, 
Calcul.ale the mean free path at Tfri' and the following pres- 
sures; 1 atm, I torr, 1 /x, J in. Hjt), and 10 * /x. 

C-5 Reduce Fq, (0-3) to an expression for mean free path in terms 
of pressure in microns, lojoperalurc in "K, molecular weight 
of the gas, and effect ive moiectiiar diameter. 

6'G A dynamic pressure measurcmeiil is to he made v/ith an 
apparatus similar to that shov/n in Fig, 0-2, 'I'hc appropriate 
dimensions are; 

7> »“ 2.G0 in. 
r « 0,005 in, 

V « 0,10 in.‘ 


'I'he fluid is air at rO^F and 14,7 psia. Plot the pressure 
amplituxle ratio v;;r8U8 w/w„ according to both Eq. (0-4) and 
Eq, (0-8), 


174 



5-J Plot the error in Eq. (6^) rL'T, 

5- S Cifcuhr? the resonant iTsq^^zzTcf £ 0 * fTr-*~ a 

asrnrnng that it nets M 8 Hjti-tha rea:«:a-v,r- " ’ 

6- 3 A. weQ-tfp* tcasoroetcr a !?5-isI Jhni brtia: 4 

spwife gravity of 2.93. Tte ®»!:ia3i£i2j.t»rtf2XfJh^ 
and the tube has a disnieter cf 0310 in. TV Ei 2 =irn«' 4 r » 
to be used to raea-ntre a dz^erentlaj p r»‘- ' :r » fcs a wii^-Srir 
syrtern. The sc$le p!ared a^crr^ii* tbe tcV has co soere-- 
tttia factor for the area mt.o ef ti* Entarsete-. Ciirr^tte 
the vahie of a factor which may ^ ti-itipV* by tV eamns- 
eter reading jn inches to £r.d 'h» pr*?rae d-fc-atai fc 
pounds per square inch. 

E-13 Annru.’ngaceistouseaal.A'DT-CiphrsinfCrtaiiaai'.sIif 
that shown in Fig 6-14- The LVDT ha* a seisthity c5 
0.(XOl in . and the diaphnsr: .« *0 b* ecnrtrzcted cf f*eel 
(£ * 29 X 10" P => 0.3> with a i-a-«'er cf 6 fe. Cafmlate 
the daphragm thickcess la wttb the reKrfrtica 

that the niax5Biura deflection cne-cii.'d thijjEei* 

tees What is the lowest presrir* vh.ch cay be sensed by 
this instrument* 

E-II Ca}et:bte the natural frequency of tr.» diaphrapa tn Prob. 
WO. 

6*12 A Bridgman pire uses a foi! cf Mar zarjs wire hatisj a coa* 
isal feit«tance of 100 ohms a* atncephenc pressure. The 
pg- IS to be used to measure a prc-* cf l.tW peg with an 
tncertainty of 0.1 percent VTta' .« the allcwsble uscer- 
taintyin the resistance ioeasuren-*c** 
tIJ Snppo*^ the Bridgman pge of Pp'^' «>-l2 ucoanected lo the 
bridge nmiit of Fig. 4-17 so tha' 'he pne u Rx and all 

r55’>^.(Ta are equal to 100 ohm* a - 3 pressure of 1 atia. The 

battery voltage L* 4 0 vults and ‘he detector is a high- 
impedance voltage-measunng de«-e The bridge is assumed 
to be in balance at p = I atm. Cal 'uiate the voltage output 
of the bridge at p =■ 1,000 psg 

Rerort Example 6-2 assuming the diameter of the capillar}’ to 
he 0.2 mm, 

^■^5 Kscdjen gsgt? a ta be desigried to operate at » maximum 
F^*ure of 1 0 M- For this appbcstion the spacing of the v^ne 
and plate is to be less than 0.3 mear. free paA at this 
Calculate jfce hrce on the ruses at presrares of 1 0 and 0 01 ^ 
*hea the gas temperature is 20'C and the temperature dil- 
ference » 50.0^K. 

Ae2p3C7tan<»-diaphragrnpreE?anr6*sea5fho-!njinr(g-0'J3 
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' is to be used to measure pressure differentials as high as 1,000 
psi at frequencies as high as 15,000 cps. The diameter of the 
diaphragm is not to exceed 0.500 in. Calculate the thickness 
and diameter of a diaphragm to accomplish this (the natural 
frequency should be at least 30,000 cps). Choose a suitable 
gap spacing, and estimate the capacitance-pressure sensitivity 
of the device. Assume the dielectric constatit is that of air. 

6-17 A bourdon-tube pressure gage having an internal volume of 
1,0 in.® is used for measuring pressure in a fluctuating air sys- 
tem having frequencies as high as 100 cps. Design an 
acoustical filter which will attenuate all frequencies above 20 
cps by 99 percent. Plot the frequency response of this filter. 
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7-1 INTRODUCTION 

The measurement of fluid flow is important in applications ranpnj; 
from measurements of blood-flow rates in a human artery to the 
measurement of the flow of liquid oxygen m a rocket Many 
research projects and industrial processes depend upon a mea«ure- 
ment of fluid flow to furnish important data for analysis In wme 
cases extreme precision is called for in the flow measurement, w hile 
in other instances only crude measurements are necessary The 
selection of the proper instrument for a particular application is 
governed by many variables, including cost For many induslnsl 
operations the accuracy of a fluid-flow measurement is directly 
related to profit A simple example is the gasoline pump at the 
neighborhood service station , another example is the water meter at 
home It IS easy to see how a small error m flow measurement on a 
large natural gas or oil pipeline could make a diflerence of thoucands 
of dollars over a period of time Thus, the laboratory scientist is 
not the only person who is concerned with accurate flow measure- 
ment; the engineer in industry is also vitally interested because of 
(he impact which flow measurements may have on the profit and 
loss statement of the company 

Flow-rate-measurement devices frequently require accurate 
pressure and temperature measurements m order to calculate the 
output of the instrument Chapters 6 and 8 consider these asso- 
ciated measurement topics in detail, and the reader should consult 
the appropriate sections from time to lime to relate specific pressure 
and temperature measurement devices to the matenal in the present 
chapter. We may remark at this time, however, that the overall 
accuracy of many of the most widely used flow-measurement devices 
IS governed primarily by the accuracy of eome pressure or tem- 
perature measurement. 
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Our objective in this chapter is to present a broad discussion 
of flow measurements and indicate the principles of operation of a 
number of devices which are commonly used. We shall also give 
the calculation methods which are connected with some of these 
devices and discuss some, methods of flow visualization. In con- 
cluding the chapter a tabular comparison of the various methods 
will be presented, pointing out their range of applicability and 
expected accuracies. 


7-2 POSITIVE-DISPLACEIVIENT METHODS 

The flow rate of a nonvolatile liquid like water may be measured 
through a direct-weighing technique. The time necessary to collect 
a quantity of the liquid in a tank is measured, and an accurate 
measurement is then made of the weight of liquid collected. The 
average flow rate is thus calculated very easily. Improved accu- 
racy may be obtained by using longer or more precise time intervals 
or more precise weight measurements. The direct-weighing tech- 
nique is frequently employed for calibration of water and other 
liquid flowmeters and thus may be taken as a standard calibra- 
tion technique. Obrdously, it is not suited for transient flow 
measurements. 

'/positive-displacement flowmeters are generally used for those 
applications where consistently high accuracy is desired under 
steady flow conditions. *vjC typical positive-displacement device is 
the home water meter shorvn schematically in Fig. 7-1. This meter 
operates on the nutating-disk principle. Water enters the left 
side of the meter and strikes the disk, which is eccentrically mounted. 
In order for the fluid to move through the meter, the disk must 
“wobble" or nutate about the vertical axis since both the top and 
the bottom of the disk remain in contact with the mounting cham- 
ber. A partition separates the inlet and outlet chambers of the 
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Fig. 7-1. Schematic of a nutating-dlsk meter. 
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disk. As (he disk nutates, it gives direct indication the volume 
of liquid which has passed through the meter The indication of 
the volumetric flow is given through a gearing and register arrange- 
ment which IS connected to the nutating disk The nutating-disk 
meter may give reliable flow measurements within 1 percent 

Another type of positive-displacement device is the rotary-vane 
meter shown in Pig 7-2 The vanes are epnng-Ieaded so that they 
continuously maintain contact with the casing of the meter A 
fixed quantity of fluid is trapped in each section as the eccentric 
drum rotates, and this fluid eventually finds its way out the exit 
An appropriate register is connected to the abaft of the eccentric 
drum to record the volume of the displaced fluid The uncertainties 
of rotary-vane meters are of the order of 0 5 percent , and ih^^ncters 
are relatively insensitive to viscosity since the vanes always main- 
tain good contact with the inside of the casing ^ 

The lobed-impeller meter shown in Fig 7-3 may be used for 
either gas- or liquid-flow measurements. The impellers and ca«e 
are carefully machined so that accurate fit is mamlained In this 
way, the incoming fluid is always trapped between the two rotors 
and IS conveyed to the outlet as a result of their rotation vThe 
number of revolutions of the rotors is an indication of the volumetric 
flow rate.v' 


Exomple 7-1 

A lobed-impeller flowmeter is used for measurement of the flow of 
nitrogen at 20 psia and lOOT The meter has been caLbrated to that it 
indicates the volumetnc flow with an accuracy of ± one-half of one percent 
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from 1,000 to 3,000 cfm. The uncertainties in the gas pressure and tem- 
perature measurements are ±0.025 psi and +1.0°? respectively. Calcu- 
late the uncertainty in a mass flow measurement at the given pressure and 
temperature conditions. 

Solution. The mass flow is given by 


rii = pQ 


where the density of nitrogen is given by 

P_ 

^ ~ Rn.T 


Using Eq. (3-2), we obtain the following equation for the uncertainty in 
the mass flow as 

?-[(?)’+(?)'+(¥)’]' 

Using the given data, 

X - [«'■'«>»>' + C-S-’)’ + (Ai)’]' - X >»'■ 

or 0.505 percent. Thus, the uncertainties in the pressure and temperature 
measurements do not appreciably influence the overall uncertainty in the 
mass flow measurements. 


7-3 FLOW-OBSTRUCTION WIETHODS 

Several types of flowmeters fall under the category of obstruction 
devices. Such devices are sometimes called head meters because a 
head-loss or pressure-drop measurement is taken as an indication 
of the flow rate. Let us first consider some of the general relations 
for obstruction meters. IVe shall then examine the applicability 
of these relations to specific devices. 

Consider the one-dimensional flow* sj'stem showi in Fig. 7-4. 
The continuity relation for this situation is 


m = piAiUi = p:A;ti2 (7-1) 

where it is the velocity. If the flow is adiabatic and frictionless 
and the fluid is incompressible, the familiar Bernoulli equation 
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^** ^“*» C*n«r*| «n»HilmrntlontI Row system. 


may be written 


E? 4- Hi! „ & 4- Hi* 

Pi pi ig. 


(7.2> 


where now p, = p,. Solving Eqs (7«1) and (7-2) simultaneously 
gives for the pressure drop 



and the volumetric flow rate may be written 


(7-3) 


0 ■ V ylv '’■*> 

where 

Q = ft*/«c 
A » ft* 
p = lb,/ft* 
p “ Ib//ft* 

p, = 32.17 lb«-ft/Ib/-scc* 

Thus, we see that a channel like the one shown in Fig 7-4 could 
be used for a flow measurement by simply measuring the pressure 
drop (pi — pj) and calculating the flow from Eq (7-4) No such 
channel, however, is (nctionless, and some losses are always present 
in the flow. The volumetric flow rate calculated from Eq (7-4) 
is the ideal value, and it is usually related to the actual flow rate 
and an empirical discharge coefficient C by the following relation- 




C 


(7-5) 
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The discharge coefficient is not a constant and may depend strongly 
on the flow Reynolds number and the channel geometry. 

When the 'flow of an ideal gas is considered, the following 
^equation of state applies: 

p=^pRT 

where T is the absolute temperature and R is the gas constant for 
the particular gas. For reversible adiabatic flow the steady-flow 
energy equation is 


CpTi-f 


Hl! 

2?c 


= CpT-! + 




(7-7) 


N, 

'’t 

f 


where Cp is the specific heat at constant pressure and is assumed 
constant for an ideal gas. When Eqs. (7-1), (7-6), and (7-7) are 
combined, there results 


= 2geAt‘' 


y-lRT, [Vp.; Vp>/ 


(7-8) 


where the velocity of approach, i.e., the velocity at section 1, is 
assumed to be very small. This relationship may be simplified to 


” = yim Ap - (y - 1) + ■ ■ •]' (7-9) 

with Ap = Pi - Pi and y - Cp/c, is the ratio of specific heats for 
the gas. Equation (7-9) is valid for Ap < pi/4. When Ap < pi/10, 
a further simplification may be made to give 



Note that Eq, (7-10) reduces to Eq. (7-4) when the relation for 
density from Eq. (7-6) is substituted. Thus, for small values of 
Ap compared with pi, the flow of a compressible fluid may be 
approximated by the flow of an incompressible fluid. 

Three typical obstruction meters are shown in Fig. 7-5. The 
venturi offers the advantages of high accuracy and small pressure 
drop, white the orifice is considerably lower in cost. Both the flow 
nozzle and the orifice have relatively high permanent pressure drop. 
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99 

Flg.7-5« Schematfc of three typical eb* 

Flow — 


(b) flow nonle; (c) orlflec. 

(C) 

1 1 

Flow-rate calculations for all three devices are made 

on the basis 

of Eq. (7-4) with appropriate empmea! constants defined as follows 

M •» velocity of approach factor «» . 

1 

(A, /A,)* 

(7-11) 

K - flow coefficient - CM 


(7-12) 

0 = diameter ratio “ g 


(7-13) 


'When flow measurements of a compressible fluid are made, an 
additional parameter, the expanf%onjactor Y, is used For venturis 
and nozzles this factor is given by 


V y 1 - 1 - 1> 

* I \pl/ T — 1 1 — (pi/Pl) J ~ (>ltMl)*(Pl/Pi)*''’J 

(7-14) 

while for orifices an empirical expression for Y is given as 

l',-l-[o.4I+0.35(i;)’]2!^’ (M5) 

when either flange taps or vena contracta taps are used. For 
orifices with pipe taps the following relation applies 

r, •= 1 “ [0.333 + 1 145tf« + 0 75» + (7*10) 

m 
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The empirical expansion factors given by Eqs. (7-15) and (7-16) are 
accurate within +0.5 percent for 0.8 < Ps/pi < l-O-^ 

We thus have the following semiempirical equations which are 
conventionally applied to venturis, nozzles, or orifices. 

Venturis, incompressible flow: 

= CMA^ ^ Vpi - ~P2 

Nozzles and orifices, incompressible flow: 

P-18) 

The use of the flow coefficient instead of the product CM is merely 
a matter of convention. When compressible fluids are used, the 
above equations are modified by the factor Y and the fluid density 
is evaluated at inlet conditions. We then have 
Venturis, compressible flow: 


m.ct = YCMA^y/2gcPx{px - Ps) (7-19) 

Nozzles and orifices, compressible flow: 

= YKAx V2ff.Pi(pi - Ps) (7-20) 

Detailed tabulations of the various coefficients have been made in 
Ref. |1}, some of which ate presented in Figs. 7-9 through 7-15. 
Examples 7-2 and 7-3 iUustrate the use of these charts for practical 
calculations. 


7-4 PRACTICAL CONSIDERATIONS 
FOR OBSTRUCTION METERS 

The construction of obstruction meters has been standardized by 
the American Society of Mechanical Engineers [1, 2], The recom- 
mended proportions of venturi tubes are shown in Fig. 7-6. Note 
that the pressure taps are connected to manifolds which surround 
the upstream and throat portions of the tube. These manifolds 
receive a sampling of the pressure all around the sections so that a 
good average value is obtained. The discharge coefficients for such 
venturi tubes are shown in Fig. 7-9, with the tolerance limits indi- 
cated by the dashed lines. In general, the discharge coefficient 
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Fl(. 7-6. Rc«offlrn«ndcd proportions of vonturl twbot oteerdlnf to Rrf. (i;. 
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Fig. 7-7. Recommended proportions of the ASME lont-redlus flow nozzle oeeordlnf 
to Ref. HI. 
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Fig. 7-S. Recommended location of pressure teps for use with concentric, 
thln>plate, square-edged orifices according to Ref. [1). 



Fig. 7-9. Discharge coefficients for the venturi tube shown In Fig. 7-S ac- 
cording to Ref. [1]. Values are applicable for 0.25 <«< 0.75 and 
D>2ln. 
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FI|. MO. Appr«il»nat« venturi cllseharxe eoemtient* for vortoin Utreit rflam. 
eteri •ee«rdtn( <« Ref. |1S!. 


is smaller for pipes less than 2 id. in diameter, and the approximate 
behavior is indicated m Fig 7*10 More pretise values of the 
discharge coefficient for a ventun tnay be obtained by direct eahbra- 
tion, in which case accuracies of ±0 5 percent may be obtained 
fairly easily The recommended diroeasions for ASME flow nozzles 
are shown in Fig 7-7, and the discharge coefficients are shown in 
Fig. 7-n 

The recommended inStafJatious for ccaceatnc, Ibin-plate 
orifices are shown in Fig 7-8 Note that three standard sets of 
pressure-tap locations are used 

1. Both pressure taps are installed m the flanges as shown 
£. The inJet pressure tap is located oae pipe diameter upstream, 
and the outlet pressure tap is located one-half diameter down- 
stream of the orifice 

S. The inlet pressure tap js located one pipe diameter upstream, 
and the outlet pressure tap is located at the vena contracts 
of the orifice as given by Tig 7-12 

Figure 7-13 gives the values of the orifice flow coefficient for 
pipe sizes 1^ to 3 m with pressure taps located according to cose 2 
above- Flow coefficients for other cases are given in Ref H) 
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Fig. 7-14. Adiabatic expansion factors for use with venturis and how 
nozxlcs as calculated from Erj. (7-14). From Ref. 12]. 


The various flow coefficients are plotted as a function of 
Reynolds number defined by 



( 7 - 21 ) ■ 


where 

p =«= fluid density 
P = dynamic viscosity 
u„ = mean flow velocity 

d = diameter at the particular section for which the Reynolds 
number is specified 
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Note that some charts, viz , Fig. 7-13, base the Reynolds number 
on upstream conditions, while others, w , Fig. 7-10, base it on 
throat conditions. The product />«, may be calculated from the 
mass flow accordmg to 

pi*= pUmA, (7-22) 

where .<4, is the cross-sectional area for the flow where u« is meas- 
ured. For a circular cross-section, A, = Td*/4. 
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Example 7-2 

A venturi tube is to be used to measure a maximum flow’ rate of water 
of 50 gpm at TO^F. The throat Reynolds number is to be at least 10‘ at 
these flow conditions. A differential pressure gage is selected which has 
an accuracy of 0.25 percent of full scale, and the upper scale limit is to be 
selected to correspond to the maximum flow rate. Determine the sire of 
the venturi and the maximum range of the differential pressure gage, and 
estimate the uncertainty in the mass flow measurement at nominal flow 
rates of 50 and 25 gpm. Use either Fig. 7-9 or Fig. 7-10 to determine the 
discharge coefficient. 

Solution. The properties of water arc 
p = 62.4 lb„/ft» IX = 2.36 lb„/hr-ft 

Prom the given maximum flow rate and throat Reynolds number we may 
calculate the maximum allowable throat diameter. 


Re,( 


P>i„d _ md _ ^ _ 

p (rci*/4)p ~ Trdp 


The maximum flow rate is 


m = (50) (8.33) (60) = 2,5 X 10Mb„/hr 
so that 

, (4)(2.5 X m 

We shall select a venturi nith a 1.0-in. throat diameter, since we have a 
discharge coefficient curve for this size in Fig. 7-10. The upstream pipe 
diameter is taken as 2.0 in. From Fig. 7-10 we estimate the discharge 
coefficient for this size venturi as 0.976 for 8 X 10* < Rej < 3 X 10^ 
The uncertainty in this coefficient will bo taken as ±0.002 since Fig. 7-10 
is a general set of curves. With this selection of venturi size the maximum 
throat Reynolds number becomes 

(Rei)m« = (10‘) (^) = 1.62 X 10^ 


The minimum Reynolds number is thus half this value or 8.1 X 10*. The 
maximum pressure differential may be calculated with Eq. (7-17). 


= cur A 




(7-17) 


192 



Flow nseaturcment 


(50)(231) (0.976)Ta.0)« PMMvT 

(60)a728)"(4)(i«)\/rr3y-.\ 024 

This yields 

Ap = 948 psf = 6-58 psi 

Let us assume that a diSeienliai pressure gage is at our thspo'si htnsg a 
maximum range of 1,000 psf. In accordance vith the problem statement 
the uncertainty in the pressure reading would be 


War 


±2.5 psf 


4Vhen the flow is reduced to 25 gpm, the pressure diiTerential «rll be one 
JourVi of that at 50 gpm To estimate the uncertainty in the flow roearurc- 
meat we shall assume that the dimensions of the venturi are known exactly, 
as well 83 the density of the water For the calculation we utibre Eq (5'2) 
The quantities of interest are 


£[g 

9C 



dQ CM At 

dAp ** 2 VSp v P 

Vs - ±0.002 


Thus, 


For Q = 50 gpm, 

Wo r/'0W2\* 1 /wyi* 

‘5’ "■ L\0.976y ■'■4 \&48/ J 
•» 0.002435 or 0 2435% 

For <3 » 25 gpm, 

W3 r/0 002\« . I / 2-5 VI* 
Q " L\0 076/ ■^4V984/4y J 
=» 0.00566 or 0.566% 
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Exompie 7-3 

An orifice ■^ith prarsure tsps one diameter upstream and one-half 
diameter do-Knstream is stalled ia s 2.05'iiJ.-diam pipe and used to 
measure the fame fio-tr of Traler as in Essmple 7-2, For this orifice, 
0 = 0,50. The dinereatial pressure gage has an accuracj- of 0.25 percent 
of full scale, and the upper scale limit is selected to correspond to the man- 
mum Sorr rate. Determine the range of the presrure gage and the uncer- 
taint V in the Sow-rate mearorements at nominal Sow rates of 50 and 25 gpm. 
.Assume that the uncertaintr in the Sow coeScient is ±0.002. 


SohjHon. Ve first calculate the pipe Re:, molds numbers. Using the 
propertis from Example 7-2, 


_ X 10‘}(4) 
~ H2.0/I2)f2.36} 


= 8.09 X 10‘ 


Ket = 4-05 X 10‘ at 2.5 gpm 


at 50 com 


From rig. 7-13 the flow coeSrient is estimated as 

K = 0.625 at 30 cpm 
K = 0.630 at 25 gpm 

The volumetric Sow is 


Q = “ 0-1115 ftVsec at 50 gpm 

Q = 0.055S ft’/sec at 25 gpm - 


The nominal values of the dinerential presrare are then calculated from 
Eq. (7-18) as 


0.1115 - (0.625) -v^/'^jpVSp at 50 gpm 

Ap = 1,037 psf = 7,21 psi at 50 gpm 
Ap = 255 psf - 1.77 psi at 25 gpm 

suitable ^erential pressure gage might be one with a maximum range 
of 1,200 psf. The same equation for uncertainty applies in this problem 
a? m Example 7-2 except that the flow coefficient K is used instead of the 
discharge coeScient. Tims, 




with trj: = 0.002 and trx, = (0.0025)(1,200) = 3.0 psf 
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For Q = SO gpm, 

Wo r/0 002\* 1/ 3,0 V1‘ 

Q “ LVo625y '*'ivr;o37y J 

•= 0 00351 or 0351% 

For 0 = 25 gpm, 



7-5 THE SONIC NOZ2LE 


the obstruction meters discussed above may be used with gases 
•%hen the flow rate la sufficiently high, the pressure differential 
becomes quite large and eventually sonic flow conditions may be 
achieved at the minimum flow area Under these conditions the 
flow 19 said to be “choked,” and the flow rate takes on its miwimum 
value for the given inlet conditions. For an ideal gas with constant 
specific heats it may be shown that the pressure ratio for this choked 
condition, assuming isentropic flow, is 


This ratio is called the critical pressure ratio Inserting this ratio 
in Eq (7-8) gives for the mass flow rate 


m = A*pi 


f y 

yRTt Ly + 1 


i^ri 


(r-24) 


Equation (7-24) is frequently applied to a norzie when it is known 
that the pressure ratio Pt/Pi w less than the critical value given by 
Eq. (7-23). Under these conditions the ideal flow is dependent 
only On the inlet stagnation conditions pi and Tt These conditions 
ate usually easy to measure so that the sonic noszle offers a con- 
venient method for measuring gas flow rales It may be noted, 
however, that a large pressure drop must be tolerated with the 
method. Upstream itagnaHpn cotiitliont must be used for pi * 

Ti in the calculation ^ 

The ideal sonic-nozzle flow rMe pveo by Eq. (7*24) m - 
modified by an appropriate discharge coefficient whiA is a unc i 
of the geometry of the nozzle and other factors. There may 
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several complicaiiiiK conditions, but discliargc cocfficieuls of about 
0.97 arc usually observed. A coiuprcbonsivo survey of critical 
flow noszles is prcsonlcd by Arnberg [.3], and the interested reader 
should consvdt this discussion for more iidonnation. 

The flow obstruction devices discussed above require the use 
of wall prcss\ire taps. (Other devices also require the use of such 
f,aps.) Measurements with wall pres.surc taps can be subject to' 
several influencing factors, which are discussed in detail by Raylc 
(19). In general, the diameter of the pressure tap should be small 
in comparison with the diameter of the pipe. 


n 


Example 7-4 

A sonic nozzle is to be used to measure a flow of air at 300 psia and 
100°F in a S-in.-tliam pipe. 'I'he nominal flow rate is 1 lb„/scc, Calculate 
llio throat diameter (nozzle size) sncli tiiat critical flow conditions arc just 
obtained. 


Solution, We use Eq. (7-2-1) for this calculation with 7 = 1.4 for air. 
Tlic only unknown in tliis equation is At. 3'lius, we liavo 


|2!7c 

r y . 

/ 2 y ;<>- i ) 1 ) 

jar, 

17 + 1 

W + 1/ J 


1 - d!(300)(144) 
and 


I (2)(32.2) r (1.4) /_lVa>04 

V (53.35) ( 5 G 0 ) L (2.4) V 2 . 4 / j 


At 0.001078 (0 = 0,1551 in.’ 


Tho diameter at the lliroal is 


d " (0.1551) >= 0,444 in. 


For the above calculation we have taken tlio given pressure and temperature 
as stagnation properties. The temperature would most likely be mc.asured 
witli a stagnation probe so tbat 100°F is probably the stagnation tempera- 
ture. Tlie pressure would probably bo measured by a static tap in Uie side 
of the pipe upstream from the nozzle so that a static-pressure measurement 
is most likely tho one which will be avaiiaiile. If the upstream pipe diame- 
ter IS large enougli, tt;c static pressure will be very nearly equal to tiie 
stagnation pressure and the error in tlic above calculation will be small 
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Let os ewmfoe the above sitaafion, assumoig that the 3»W pna is a static* 
pressure measurernent. The mass flo* upstream is 


« - (a) 

where the subscript » denotes static properties- The velocity upstream 
may be wriltca ia terms 0!* the sU^matioo temperature ss 


u, ■= ■v/2p^,(r], - TO 




Combining Eqs. (a) and (b), we have 


rh = - rj (c) 

Taking Pi. « 300 psla and Tj, ■> 100*F *• 560*R, we may solve Eg. (c) 
lor T/^ The result Is 

ru«5M“R (cO 

or the upstream velocity is so small that the stagnation properties are very 
oearly equal to the static properties. Tbia result may be checked by calcu- 
lating the upstream velocity from Eq. (0) using the result from Eq (d) 
tFe obtain 

Uj 14 1 It/sec 


The pressure difference (pj, — pi.) corresponding to this velocity would 
be only 0 031 psia, while the temperatBre difference {T;, — Ti.) would be 
O OlTT. Both of these values are negligible. It may he noted, however, 
that if the upstream pipe diameter were ronsiderably smaller, ."ay J 0 aa 
diameter, it might be nece«ary to correct for a difference betneen the 
measured static pressure and the stagnation pressure which must be used 
in Eq. (7-24). 


7.6 FLOW MEASUREMENT 
BY DRAG EFFECTS 

The Tolametcr is a very commonly used flow-measurement device 
and is shown scheniatically m Fig 7-lfi "nie flow enter' the 
bottom of the tapered vertical tube and cau'ies the bob or “£«f 
to move upward. The bob will rise to a point in the tube r-ci 
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Fig. 7-16. Schematic of n rotameter- 


that the drag forces are just balanced by the weight and buo 3 ’ancy 
forces. The position of the bob in the tube is then taken as an 
indication of the flow rate. The device is sometimes called an 
area meter because the elevation of the bob is dependent on the 
annular area between it and the tapered glass tube; however, the 
meter operates on the phj'sical principle of drag so that we choose 
to classifj' it in this category. A force balance on the bob gives 

Fi + pfV, = Pi, Ft (7-25) 

where p/ and ph are the densities of the fluid and bob, Fj, is the total 
volume of the bob, and Fj is the drag force which is given by 

= (7-26) 


Ca is a drag coefficient. At. is the frontal area of the bob, and is 
the mean flow velocity in the annular space between the bob and 
the tube. Combining Eqs. (7-25) and (7-26) gives 



(7-27) 


(7-28) 
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where A is the annular area and is oveo by 
A - jUD + iis)'-a>i 




(?- 20 ) 

D is the diameter of the tube at inlet, <f is the maximum bob diam- 
eter, y is the vertical distance from the entrance, and a is a constant 
indicating the tube taper. 

The drag coefficient is dependent on the Reynolds number and 
hence on the fluid viscosity, howei-er, speaaJ bobs may be used 
which have an essentially constant drag coefiicient and thus offer 
the advantage that the meter reading will be essentially independent 
of viscosity. It may be noted that for many practical meters the 
quadratic area relation given by Eq. ^7-29) becomes nearly linear 
for the actual dimensions of tube and bob which are used Aasum- 
ing such a linear relation, the aquation for mass flow would become 

m « CiV \/(j^ ^ p/)p/ (7-30) 

where Ci w now an appropriate meter constant 

It is frequently advantageous to have a rotameter which gives 
an Indicatioa that is independent of fluid density, i e , we msh to 
have 


Performing the indicated differentiation, we obtain 

and the mass flow is given by 

Ciypt (7-32) 

2 

Thus, by special bob construcUon the meter may be used to com- 
pensate for density changes m the fluid The error in o 
is less than 0.2 percent for a fluid-density deviation of 5 percent 
from that given m Eq (7-31) A photograph of a commercial 
rotameter is given m Fig. 7-17. , Mirhme 

A popular type of flow-measurement , meter 

meter eto™ F.” MS As Ae llmd n»ve. 

it causes a rotation of the small turbine wheel 
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Fig. 7-17. Photo^aph of a commercial rotameter. {Courtesy 
Fischer and Porter Company.) 


wheel body a permanent magnet is enclosed so that it rotates 
with the wheel. A reluctance pickup attached to the top of the 
meter detects a pulse for each revolution of the turbine wheel. 
Since the volumetric flow is proportional to the number of wheel 
revolutions, the total pulse output may be taken as an indication 
of total flow. The pulse rate is proportional to flow rate, and the 
transient response of the meter is very good. A flow coefficient 
K for the turbine meter is defined so that 


Q 



(7-33) 


where / is the pulse frequency. The flow coeflicient is dependent on 
flow rate and the kinematic viscosity of the fluid y. A calibration 
curve for a tj'pical meter is given in Fig. 7-19. It may be seen 
that this particular meter will indicate the flow accurately within 
±0.5 percent over a rather wide range of flow rates. 
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fig. 7«l*i Turbin* flowmrtir. 0) bottyi (J) lnle{>itn>{btenlnt nn**t 
(3) turbine blade*; (4) downstream afterbody to maintain smooth 
flew; ($) pipe or tube conrtector; (Cjreluctameplcliup. (Courtesy 
Fischer and Porter Company.) 



Ftg. 7-13. Calibration cure* foe a l.lrs. turbine flowmeter of the 
type shown In Rf. 7*3S. Calibration was performed 
with water. 


2C1 
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7-7 HOT-WIRE ANEMOMETER 

The liol-wiro anemometer is a device which is most often j)scd in 
rcscnrel\ applications to study varyinR flow conditions./'' A fine 
wre is heated electrically and placed in the flow stream. TJic 
heat-transfer rate from the wire has been shown [5] to be 

9 = (o + 1) ■V^)(7'» - TJ) Btu/(hr)(ft=) (7-34) 

where 

Tu. = wire temperature 
T„ - fluid temperature 
u = fluid velocity 

a,h = constants which arc obtained by a calibration of the 
device 

The heat-transfer rate must also be given by 

<] = i'Ru = + niTv — To)] (7-35) 

where 

i = electric current . 

Ro = resistance of the wire at the reference temperature To J 
a = temperature cocflicicnt of resistance 

'^Por measurement, purposes the hot wire is connected to a 
bridge circuit ns shown in Pig. 7-20. The current is determined 
by measuring the voltage drop across the standard resistance R„ 
and the wire resistance is determined from the bridge circuit. For 
steady-state measurements the null condition may bo used, while 
an oscillograph output may be used for transient measurements. 
With 7 and determined tha flow velocity may be calculated 
with Eqs. (7-34) and (7-35), Hot-wire probes have been used 
extensively for measurement of transient flows, especially measure- 
ments of turbulent, fluctuations. Time constants of the order of 
1 msec may be obtained with O.OOOl-in.-diam platinum or tungsten 
wires operating in air. A modification of the hot-wire method 
consists of a small cylinder wliich is coated with a thin metallic 
film a few microns thick. This film then serves as the variable 
resistance and is extremely sensitive to fluctuations in the fluid 
velocity. Such hot-film probes have been used for measurements 
involving frequencies as high ns 50,000 cps. 
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Polfntionwtft 



Fff. 7>29. Schematic et hat^wire c-'Kwttt 


The calibrstfon of hot-v.irc proles is quite «unp!:fs!<>i. 
the interested reader is referred to the discussion by Kt>vfcsrr.vj’ it'/ 
for more informatton. It may be noted, hoirew. wn 
plete commercial setups arc available for hot*rire a>.'I K'>siil'i 
wcasurements. 


7-8 MAGNETIC FLOW METERS 

Consider the flow of a conducting fluid Ihroucli a roV’Vt*. 
shown jn Fig 7-21 Since the fluid rfprf«nri' a ^ 
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Fig. 7-2J. Essie optlesi effects used fornowvlsusliratlon. 

fions, and n is the index of refraction TThich for gases may be 
Trritten as 


n = 1 

p. 


(7-38) 


^ is a dimensionless constant ha'i'ing a value of about 0,000292 
for air. 

According to Eq. (7-371 the angular deflection of the light ray 
t is proportional to the density gradient in the flotr. This is the 
basic optical effect vhieh is used for flow-visualization work. It 
may be noted that the deflection of the light ray is a measure of 
the average density gradient integrated over the z coordinate. 
Thus, the effect is primarily useful for indicating density variations 
in two dimensions (in this case the y and z dimensions) and will 
average the variations in the third diinen.sion. 

In the following sections we shall discuss several optical 
methods of flow ^^suali^ation for use in gas sj'stoms. For liquid 
flow visualization a typical experimental technique Is to add a dye 
to the liquid in order to study the flow phenomena. Another 
technique which has received considerable attention for use with 
liquids is the so-called hydrogen-bubble method. The technique 
consists of using a fine wire, placed in water, as one end of a d-c 
circuit to electrolyze the water. Verj’ small hj'drogen bubbles are 
generated in the liquid. The motion of the bubbles may be studied 
by illuminating the flow. The application of this method has 
been given a verj' complete description by Schraub, Kline et al, JIG). 


7-10 THE SHADOWGRAPH 

■^^he shad^- technique is a method for direct xsewing of flow phe- 
riomena/ 'imagine the flow field as shown in Fig. 7-24 with a 
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density gradient in the y direction. The parallel light rays enter 
the test section as shown. In the regions where there is no density 
gradient, the light rays will pass straight through the test section 
with no deflection. For the regions where a gradient exists the 
rays will be deflected. The net effect is that the rays will bunch 
together after leaving the test section to form bright spots and 
dark spots. The illumination will depend on the relative deflection 
of the light rays dt/dy and hence on d^p/dy-. The illumination 
on a screen placed outside the test section is thus dependent on 
the second derivative of the density at the p:irlicular point.v'' 

The shadowgraph is a very simple optical tool, and its effects 
may be viewed in several everyday phenomena using only the 
naked eye and local room lighting. The free-convection boundary 
layer on a horizont.al electric hot plate is clearly visible when viewed 
from the edge. This phenomenon is visible because of the density 
gradients which result from the heating of the air near the hot 
surface. It is almost fruitless to try to evaluate local densities 
using shadow photography; however, the shadowgraph is exceed- 
ingly useful to view turbulent flow regions, and the method can be 
used to establish the location of shock waves with high precision. 
Figure 7-25 illustr.ates shock-wave and turbulent-flow phenomena 
ns viewed with a shadowgraph. 


7-11 THE SCHLIEREN 

While the shadowgraph gi^s an indication of the second derivative 
of density in the flow ficld^hc schlieren is a device which indic.ates 
the density gradient. Consider the schematic diagram shown in 
Fig. 7-2G. Light from a slit source ab is collimated by the lens Li 
and focused at plane 1 in the test section. After passing through 
lens Lt there is produced an inverted image of the source at the 
focal plane 2. Lens Lj then focuses the image of the test section 
on the screen at plane 3. Now let us consider the imaging process 
in more detail. The pencils of light originating at point a occupj' 
a different portion of the various lenses than those originating from 
point b or any other point in the slit source. The regions in which 
these pencils overlap arc shoum in Fig. 7-2G. Note that all pencils 
of light pass through the image plane cd in the test section and 
the source image plane b'a'. An image of the test section at d'e’ 
is then uniformly illuminated since the imago at b'a' is uniform^' 
illuminated. This means that all points in the plane b'a' are 
affected in the same m.anner by whatever fluid effects ma 5 ’- take 
place in the test section. 
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Fix. 7-2S. (a) Schematic «f Schtleren flow vltualtxatlon; (b) detail of knife tdfe. 

I 


If the test section is completely uniform in density, the pencils 
of light appear as shown in Fig ?*26. a pencil originating at point e 
is deflected by the same amount as a pencil originating at point d 
This is consistent with the observation that all pencils originating 
m plane ed completely flit the image plane 6V Now consider 
the effect of the introduction of an obstruction at plane 6‘a' under 
these circumstances We immediately conclude that such an 
obstruction would uniformly decrease the illumination on the 
screen by a factor proportional to the amount of the area b'o' 
intercepted. 

Suppose now that a density gradient exists at the test section 
focal plane cd. This means that all pencils of light originating in 
this plane would no longer fill the ima^ plane bV completely 
If, now, an obstruction is placed at plane b'a', it will intercept more 
light from some points in the test section plane than from others, 
resulting m light and dark regions on the screen at plane 3 The 
obstruction is called a knife edge, and the resultant variation in 
illumination on the screen is called the Schlieren effect^^ 

Let us examine the variation in illumination in more detail. 
In Fig 7>26t> the total height of the source image is y and the portion 
not^intercepted by the knife edge is pi Thus, the general illumina- 
tion on the screen / is proportional to yi An angular displacement 
of a pencil of light in plane 1 is «. This produces a vertical deflection 
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density gradient in tire y direction. The parallel light rays enter 
the test section as shown. In the regions where there is no density 
gradient, the light rays will pass straight through the test section 
with no deflection. For the regions where a gradient exists the 
rays will be deflected. The net effect is that the rays will bunch 
together after leaving the test section to form bright spots and 
dark spots. The illumination will depend on the relative deflection 
of the light rays de/dy and hence on d^p/dy-. The illumination 
on a screen placed outside the test section is thus dependent on 
the second derivative of the density at the particular point.'/ 

The shadowgraph is a very simple optical tool, and its effects 
may be viewed in several everyday phenomena using only the 
naked eye and local room lighting. The free-convection boundary 
layer on a horizontal electric hot plate is clearly visible when viewed 
from the edge. This phenomenon is visible because of the density 
gradients which result from the heating of the air near the hot 
surface. It is almost fruitless to try to evaluate local densities 
using shadow photography; however, the shadowgraph is exceed- 
ingly useful to view turbulent flow regions, and the method can be 
used to establish the location of shock waves with high precision. 
Figure 7-25 illustrates shock-wave and turbulent-flow phenomena 
ns viewed with a shadowgraph. 


7-11 THE SCHLIEREN 

While the shadowgraph giles an indication of the second derivative 
of density in the flow field, Hhe schlieren is a device which indicates 
the density gradient. Consider the schematic diagram shown in 
Fig. 7-26. Light from a slit source ah is collimated by the lens Li 
and focused at plane 1 in the test section. After passing through 
lens Li there is produced an inverted image of the source at the 
focal plane 2. Lens Lj then focuses the image of the test section 
on the screen at plane 3. Now let us consider the imaging process 
in more detail. The pencils of light originating at point a occupy 
a different portion of the various lenses than those originating from 
point b or any other point in the slit source. The regions in which 
these pencjls overlap are shown in Fig. 7-26. Note that all pencils 
of light pass through the image plane cd in the test section and 
the source image plane 6'a'. An image of the test section at d'e' 
is then uniformly illuminated since the image at b'a' is uniformly 
illuminated. This means that all points in the plane b'a' are 
affected in the same manner by whatever fluid effects may take 
place in the test section. 
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Ftc. 7*26. (a) Schcmatle of Sohllcrcn ftowvliuallzatlen; (b) detail »l Icnifo odfc. 


If the test section is completely uniform in density, the pencils 
of light appear as shown in Fig 7'2C; a pencil originating at point c 
IS deflected by the same amount as a pencil originating at point d 
This is consistent with the observation that all pencils originating 
in plane cd completely fill the image plane b'a' Now consider 
the effect of the introduction of an obstruction at plane b’a' under 
these circumstances We immediately conclude that such an 
obstruction would uniformly decrease the illumination on the 
screen by a factor proportional to the amount of the area b'a' 
intercepted. 

Suppose now that a density gradient exists at the test Kction 
focal plane cd. This means that all pencils of light originating in 
this plane would no longer All the image plane b'a' completely 
If, now, an obstruction is placed at plane b'a', it will intercept more 
light from some points in the test section plane than from others, 
resulting in light and dark regions on the screen at plane 3 The 
obstruction is called a knife edge, and the resultant variation in 
illumination on the screen is called the Schheren effect.^^ 

Let us examine the variation in illumination m more detail. 
In Fig. 7-26b the total height of the source image o y and the portion 
not intercepted by the knife edge is yi Thus, the general illumina- 
tion on the screen 1 is proportional to yi. An angular displacement 
of a pencil of bght in plane 1 is t. Tlua produces a vertical deflection 
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at plane 2 of 

Ay = /:« (”'3' 

where /- is the focal length of lens I*. As a result of this deflec 
tion, there is a fractional change in illumination on the screen. Th 
contrast at any point on the screen may be defined as the ratio of th 
fractional change iii illumination to the general illumination or 

C = ^ (7-40 

I yi yi 

The angular deflection is given by Eq. (7-37) so that the expressioi 
for contrast may be written 


C = 


f;L0 / dp\ 

y\Pi \dy)ca 


(7-4i: 


Thus. t!ie contrast on the screen is directly proportional to tht 
density gradient in the flow. It may be observed that the contrast 
may be increased by reducing the distance y\, that is, by intercepting 
more light at the source image plane. This also reduces the general 
illumination so that the contrast may not be increased indefinitely 
and a compromise must be accepted. Schlieren photographs are 
used extensively for location of shock waves and complicated 
boundary-layer phenomena in supersonic flow systems. Some 
t}-pical Schlieren photographs are shoum in Figs. 7-27 and 7-28. 



Rg. 7-27. 


Schlieren photograph of l-75-In..diam blunt cone and wake after separa- 
tion of rear portion. Velocity = 5,878 ft/sec; free-stream pressure = 94 mm 
Hg; cone angle = 18». (Courtesy ARO, Inc., Arnold Air Force Base, 
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ni. T-a. Sehlteren photo««ph of flow-sep.mllon phenomeno. Pbt. • . 

flap artfle « 30% Note clear deflnUlen of thock wav* »w. » S**." * ”•* 
retlen *t the Interjection of the fUp end horliontal pUte* {Co«i!"«B*ir 
Inc, Arnold Air Force Base. Tennessee.) (CewtHyARO, 


7-12 THE INTERFEROMETER 

The Mach-Zehnder interferometer is the most precise instrument for 
flow v-isualitation Consider the schematic representation in Fig 
7-29. The light source is collimated through lens L, onto the 
splitter plate Si. This plate permits half of the light to be trans- 
raitted to mirror Mt while reflecting the other half toward mirror 
III Beam 1 passes through the test section while beam 2 travels 
an alternate path of appro^ntately equal length The two beams 
are brought together again by means of the splitter plate iSi and 
eventually focused on the screen Now, if the two beams travel 
paths of different optical lengths, either because of the geometry of 
the system or because of the refractive properties of any element of 
the optical paths, the two beams will be out of phase and will interfere 
when they are Joined together at St- There will be alternate bright 
and dark repons called fringes. The number of fringes will be a 
lunction of the difference in optical path lengths for the two beams, 
for a difference in path lengths of one wavelength there will be one 
fringe, two fringes for a difference of two wavelengths, and so on 
interferometer is used to obtiun a direct measurement of 
density variations m the test section. If the density in the test sec- 
^0 0 e , beam 1) is different from that in beam 2, there will be a 
* ge in the refractive properties of the fluid medium If the 
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Pit. J’il. Intcrferocnttcr photptriph 
af th» Irrteractittn of fr*c- 
eenveetion boundary layers 
on three herisorttal heated 
cylinders. Fluid Is air, and 
each frfnfe line represents 
a line of constant tempera* 
ture. (Photetraph courtesy 
C.$«ehntcn.) 



medium in the test section has the same optical properties as the 
medium m beam 2, there will be no fringe shifts except those result* 
ing from the geometric arrangement of the apparatus These fringe 
shifts may be neutralized by appropnate movements of the mirrors 
and splitter plates Then, the appearance of fnngcs on the screen 
may be directly related to changes in density in the flow field within 
the test section utilizing the following analysis 

The change in optical path in the test section resulting from a 
change in refractive index is 


AL = L(n ng) 


(7-12) 


where L is the thickness of the flow field in the test section Using 
Eq, (7-38), the change in optical path may be related to change in 
density for gases by 


iL - 

The number of fringe shifts N is then given by 
,, AZ. BL p — Pt 


(7-13) 


m 


(7-4-1) 
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v.'liere X IS the wavelength of the light. In Tj([. (T-d'l) it is to be 
noted that p - Po repre.sents the change in den.sity from the zero- 
fringe condition. 

The interferometer gives a direct quantitative indication of 
density changes in the test section, but these changes are represented 
as integrated values over the entire thicknc.ss of the flow field. It is 
applicable to a wide range of flow condition.s ranging from the low- 
speed 1 ft/sec) flow in frce-convection boundary layers to 
shock-v/ave phenomena in .supersonic flow. Figure.s 7-.'f0 and 7-'il 
show some typical interferometer photographs. Tlie captions 
explain the flow phenomena. 


Example 7-5 

An interferometer is u.sed for visualization of a frcc-convcction bound- 
ary layer in air similar to the one shown in Fig. 7-30. For this application 
the follovdng data v.-cre collected; 

Plate temperature = 120’F 
Free-stream air temperature T^. «= 70’F 
-= 0.000293 

Depth of test rection = 18 in. 
tVavcIength of light source X «= .'5400 A 
Reference density at 70’F 
Pressure 14.7 psia 

Calculate the number of fringes which vdll be viewed in the boundary layer. 

Solution. tVe use Lq. (7-44) for tins calculation. The reference 
density is the same as tlie zero-fringe density so lliat 

"-ffS-O 

For air the density is calculated from the ideal gas equation of state. 

^ UT 
Thus, 


(0-000293)(18.0)(2.541 /.530 
(5400 X 10-») Km 

21.1.5 fringes 


m-i) 

\m 
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(b) 

Flf. 7-i2. (a) Smoite photecnpS (hewln{ tacendary Hew aflaet* 
rcsultini; frvm a ttandlnc >eund wava In a tuba; (b) flew 
straamnnaa for tha ijntam In (a) at obtained from the 
thaoraticat ana1)rsli et Ref. |U|. (Photecraph ceurtH/ 
Dr. T< W. ^acliton.) 


7.13 SMOKE METHODS 

A very simple flow-visualiration method utilizes the injection of 
smoke traces in a gas stream to folio* the flow streamlines The 
method is pnmarily of qualitative utility in that direct measure- 
ments are diflicult to obtain except for certain special phenomena 
Figure 7-32 shows an example of a flow^-stem where smoke visualisa- 
tion was used to verify an analytical calculation In this case, 
smoke is used to view the complicated secondar)* flow patterns in a 
channel through which a forced flow is coupled with a standing 
sound wave. The smoke patterns in (o) agree well with the analyt- 
ical predictions in (b) 

In order for the smoke filaments to represent streamlines of the 
flow it is necessary that the individual smoke particles be of suffi- 
ciently small mass so that they are earned along freely at the flow 
velocity. Filtered smoke from burning rotten wood or cigars is 
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generally suitable for smoke studies as well as smoke from the 
ehemical titanium tetrachloride when it reacts with moisture in air 
to form hydrochloric acid and titanium oxide. This latter sub.sl ance, 
however, is corrosive to many materials used for the construction 
of containers. Reference (14] discusses the use of titanium tetra- 
chloride for low-speed flow measurements. 


7-14 PRESSURE PROBES 

A. majority of fluid dynamic applications involve a measurement of 
total flow rate by one or more mothod.s di.scussed in the previous sec- 
tions. These measurements ignore the local variation of velocity 
and pressure in the flow channel and permit an indication of only the 
total flow through a particular cros,s .section. In applications itnmlv- 
ing external flow situations such ns aircraft or wind-tunnel tests an 
entirely different type of ine.asurcment is required. In these 
instances probes must be inserted in the flow to measure the local 
statin and stagnation pressures, from these measurements the 
local flow velocity may be calculated. Several probes arc available 
for such measurements, and summaries of the characteristic behavior 
arc given in Refs, (dj, [7], [13], and [18]. We shall discuss some of the 
basic probe typos in this section. The total pressure for iscntropic 
stagnation of an ideal gas is given hy 

Pa / . "V — 1 Xt/Ct-I) 

g-(i+34-«-=) e-«) 

where po is the stagnation pressure, p„ is the frec-stream static pres- 
sure, and is the free-stream Mach number given by 


M 


CO 


cs 


o 


(7-46) 


a is the acoustic velocity and may be calculated with 


0 ■= VVocJtr 

for an ideal gas. It is convenient to express Eq. (7-45) in terms of 
the dynamic pressure q defined by 
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Equation (7-15) thus becomes 



This relation may be flimphfied to 


when ^2L=J^ < 1, 

For very small Mach numbers Eq (7-50) reduces to the famiLaf 
incompressible flow formula 

po - p, = ipuj (7-51 > 

We thus observe that a measurement of the static and stagnation 
pressures permits a determination of the flow velocity, by either Eq 
(7-51) or Eq (7*49), depending on the fluid medium 

A basic total pressure probe may be constructed in several dif- 
ferent ways, as shown m Fig 7-33 In each instance the opening in 
the probe is oriented in a direction exactly parallel to the flow i\ hen a 
measurement of the total stream pressure is desired If the probe is 



Fit- 7-3J. StaiTMtlon pmrur# mpoow of various probes to ehonges 
In yaw «ntto. (o) Open-onded lubo? (b) ehonnel *“^8(0 
chamfered tubojfd) tube with orlRce Inside. From Hef. pf. 
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Fig. 7-34. Kiel probe (Model 3696) for meas- 
urement of stagnation pressure. 
(Courtesy Alrflo Instrument Co., 
Glastonbury, Conn.) 


inclined at an angle 0 to the frce-slrcam velocity, a somewhat lower 
pressure will be observed. This reduction in pressure is indicated in 
Fig. 7-33 according to Ref. [7]. Configuration (a) represents an 
open-ended tube placed in the flow. Configuration (6) is called a 
shielded probe and consists of a venturi-shaped tube placed in the 
flow with an open-ended tube at the throat of the section to sense the 
stagnation pressure. It may he noted that this probe is rather 
insensitive to flow direction Configuration (c) represents an open- 
ended lube with a chamfered opening. The chamfer is about 15° 
and the ratio of OD to ID of the tube is about 5. Configuration (d) 
represents a tube having a small hole drilled in its side which is 
placed normal to the flow direction. This type of probe, as might 
be expected is the most sensitive to changes in yaw angle. Also 
indicated in Fig. 7-33 is a portion of the curve for a Kiel probe 
which is similar in construction to configuration (5) except that a 
smoother venturi .shape, os shown in Fig. 7-34, is used. The Kiel 
probe is the least sensitive to yaw angle. 

The measurement of static pressure in a flow stream is con- 
siderably more difficult than the measurement of stagnation pressure. 
A typical probe used for the measurement of both static and stagna- 
tion pressures is the pilot lube shown in Fig. 7-35. The opening in 
the front of the probe senses the stagnation pressure, while the 
small holes around the outer periphery of the tube sense the static 
pressure. The static pressure measurement with such a device is 
strongly dependent on the distance of the peripheral openings from 
the front opening ns well as the yaw angle. Figure 7-36 indicates 



Fig. 7-35. Schematic drawing of a pitot 
tube. 
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fif. 7>S7. Variation of italic, stafnatlon, and 
djmamlc pretturai with yaw anyfa 
for a pitot tube. (Caurtaiy Alrfle 
Irntrumcnt C«.. GUitonbury. 
Conn.) 
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the dependence ot the eUtic presnire md/cstion on the cfi«tancc 
from the leading edge of the probe for both blunt sub?onic and 
conical supersonic configurations To alleviate this condition, the 
static pressure holes are normally placed at least eight diameters 
downstream from the front of the probe. The dependence of the 
static and stagnation pre&'urea on yaw angle for a conveni’onal 
pitot tube is indicated in Fig 7-37 This device is quite scn<ntive 
to flow direction 

The static pressure characteristics of three types of probes are 
shown in Figs 7-38 and 7-39 as functions of Mach number and yaw 
angle. It may be noted that both the wedge and the Prandtl tube 
indicate static pressure values that are too low, while the cone indi- 
cates a value that is too high Tlie wedge is least sensitive to yaw 
angle. All three probes have l«o static pressure holes located ISO* 
apart. 


Example 7-6 

A pitot tube is inserted m a flewstresm of air at lOO’F and N 7 psia 
The dynamic pressure is measured as I 12 to water when the tube u 
onented parallel to the dow Calculate the flow velocity at that point 

Sohflon We use Eq (7-51) for this calculation. The air density i< 
calculated as 


p. (14.7}(}U) 
“ ” RT. “ (53 35)(S60) 


- 0 071 


We also have 


p, — — 1.12 in water — 582 psf 

80 that the velocity u 




({2X32 2HS 82) 
(0071) 


7-15 IMPACT PRESSURE 
IN SUPERSONIC FLOW 

Consider the impact probe shown in Fig 7-40 which is CTposed to a 

I A shock W aVe 


Sli}!ic pressure 
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the dependence of the static pressure indication on the distance 
from the leading edge of the proEie for both blunt subsonic and 
conical supersonic configurations To alleviate this condition, the 
static pressure holes are normally placed at least eight diameters 
downstream from the front of the probe The dependence of the 
static and stagnation pressures on yaw angle for a conventional 
pitot tube is indicated in Fig 7-37. This device is quite sensitive 
to flow direction. 

The static pressure characteristics of three types of probes are 
shown in Figs 7-38 and 7-39 as functions of Mach number and yaw 
angle. It may be noted that both the w'cdge and the Prandtl tube 
indicate static pressure values that are too low, while the cone indi- 
cates a value that is too high. The wedge is least sensitive to yaw 
angle All three probes have two static pressure holes located ISO* 
apart. 


Example 7-^ 

A pitot tube i« inserted m a floxstream of air at lOO’F asd 14.7 psia. 
The dynamic pressure is measured as 1. 17 in. aater when the tube Is 
oriented parallel to the flow. Calculate the flow velocity at that poiat 

SeMien We use Eq (7-51) for Ibis calculation. The air density h 
calculated as 


p. (14 7)a44) 
RT.“ (53 35)(560) 


0 071 Ib./ft' 


We also have 


Po — p« = 1.12 in. water •= 5 82 psf 


so that the velocity is 




f (2){32 2) (5 82) 
(0 071) 


7-15 IMPACT PRESSURE 
IN SUPERSONIC FLOW 


Consider the impact probe shown In Fig 7-40 which is exposed to a 
free stream with supersonic flow, that is, il/i > 1 A shock wave will 
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Fig- 7-40. Impact tube In supersonic flow. 


be formed in front of the probe as shotrn, and the total pressure 
measured by the probe will not be the freC'Stream total pressure 
before the shock wave. It is possible, however, to express the 
impact pressure at the probe in terms of the free-stream static pres- 
sure and the free-stream Mach number. The resulting expression 
as given in Ref. [10] is 

1127/ (7 4- l)]3fr - (7 - l)/(7 + . , 7 . 52 ) 

Pt," i[(7 + 

where is the free-stream static pressure and po, is the measured 
impact pressure behind the normal shock wave. This equation is 
vaUd for Reynolds numbers based on probe diameter greater than 
400. Equation (7-52) is called the Rayleigh supersonic pitot for- 
mula. We see that in order to determine the value of the Mach 
number it is necessary to have a measurement of the free-stream 
static pressure. It is possible to make this measurement wdth 
special calibrated probes. 


7-16 SUMMARY 

Comparisons of the operating range, characteristics, and advantages 
of several flowmeters have been presented by Miesse and Curth [11]. 
These comparisons are presented in Table 7-1 and may be taken as 
an appropriate summarj’ of our discussions in this chapter. The 
reader should bear in mind that the stated accuracies for the various 
flowmeters may be improved with suitable calibration. Of course, 
the overall accuracy of a flow-rate determination is also dependent 
on the accuracy of the readout equipment. As an example, a venturi 
might be carefully calibrated within 0.5 percent, but if it were used 
with a crude instrument for differential pressure measurements, a 
much poorer precision would result than that for which it was 
calibrated. 
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PROBLEMS 

7-1 UHinp: I'ki. (7-8) iw a starlinR point, obtain Eqs. (7-9) and 
(7-10). Siibsoqucntly, aalmilalc Ibc orror in Uioso oqualioiw 
whon Ap 7')/') ^^9- (7-9) and Ap ” jh/iO for Eq. (7-10). 

7*2 In tlio <;omprc.s.‘iible fiow equation for a venturi tlio velocity of 
approach factor cnncola with a lilo! term in tho expanaion 
factor Coiml.ruct a Kraphical plot winch will indioato tho 
error which would result if the approach factor given by Eq. 
(7-11) were uawl in conjunction with Eq. (7-8). Use tlio 
parameter Ap/yi>\ ns the ah.‘'ein.sa for thi.s plot. 

7-3 A venturi is to he us'-d for mcas-uring the flow of air at 300 paia 
and 80”E. 'I'he luirf-muuu (low rale is 1.0 lh„/Hee,. Tlic 
niiniinutn flow rate iii.'ltt pe.rcentof this value. Determine the 
aize of the venUin sitcli that the tliroal. Reynolds numher is 
not. less than 10''. Ealeuiate the differential pressure across 
I, he venturi for nm.as (lows of 0.3, 0.5, 0.7, and 1.0 lh„/scc. 
Assume /I ■' 0.5 for tlie venturi. 

7-'1 Work I’rob. 7-3 for an orifice with pressure laps? one diameter 
upstream and one-half diameter downstream. 

7-5 Work I’roh. 7-3 for au ASME loug-radiun How nozzle. 

7-G A KOnie nozzle is to ho used to measure a gas fiow with an 
uncertainty of ) percent. Assuming that tiie nozzle t.liroat 
area and discharge eoe(lieient,s are known exaetly, derive an 
ox'pre.ssion for tlie required relationship) ht't.wcen the unecr- 
tainlie.s in tlie stagnation pres.sure and teiuperatnro measuro- 
inents. Which of tlie two measurements, pres.sure or tem- 
perature, is move likely to he the rout roiling factor? 

7-7 Ctdenhvte tite tliroat area for the .-ionic nozzle in Example 7-4 
if the stated iiressure is .static pressure tiiislream, the lemper.a- 
ture is total lemperaturo tipslrcam, and the pipe diameter is 
1.0 in. 

7-8 Show lliat (he parameter which governs the use of a linear 
relation for a rotameter an in Etp (7-30) is 

nil 

D 

provided that <\ r-. J) to the exient (hat 
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Under these restrictions plot the error resultinR from the 
linear approximation as a function of the parameter oy/27. 
Piscuss the physical significance of this analysis, and interpret 
its meaning in terms of specific design recommendations for 
rotameters. 

7-9 Verify that the error in rate for a rotameter calculated 
from Eq. (7-32) is less than 0.2 percent for density venations 
of ±5 percent when the float density is designate according 
to Eq. (7-31). 

7-10 The turbine flowmeter whose calibration is shown in Fig. 7-1 9 
is to measure a nominal flow rate of water of 2 S gpm at 60®F. 
A single value of the meter constant ft »s to be used in the data 
reduction. What deviations from the nominal flow rate are 
allowable in order that the nominal value of K » accurate 
within ±0 25 percent? 

7-11 A rotameter is to be designed to meaimre a ma-ximum flow of 
10 gpm of water at 70®F. The bob ts 1 in. in diameter and 
has a total volume of 1 in *. The bob h constructed so that 
the density is given in accordance with Eq. (7-31). The total 
length of the rotameter tube is 13 »n , and the diameter of the 
tube at inlet is 1.0 in Determine the tube taper for drag 
coefficients of 0.4, 0 8, and 1.20. Plot the flow rate versus 
distance from the entrance of the tube for each of these drag 
coefficients. Determine the meter constant for use in Eq 
(7-32), and estimate the error resulting from the use of this 
relation instead of the exact expression in Eq. (7*28), 

7-12 A rotameter is to be used for measurement of the flow of air 
at 100 psia and 70"F. The maximum flow rate is 0 03 lb«/sec, 
the inlet diameter of the meter is 1 in., and the length of the 
meter is 12 in The bob is constructed so that its density is 
five times that of the air, and its volume is 1 in *. Calculate 
the tube taper for drag coefficients of 0 4, 0 8, and 1.2, and 
determine the meter constant for u'^ in Eq. (7-30). Plot the 
error resulting from the use of Eq (7-30) as a function of flow 
rate 

7-l3 Derive an expression for the product of density and velocity 
across a hot-wire anemometer in terms of the wire resistance, 
the current through the wire, and the empirical constants a 
and &. Subsequently obtain an expresaon for the uncertainty 
in this product as a function of the measured quantities. 

7-14 The sensitivity of a schlieren system is defined as the frac- 
tional deflection obtained at the knife edge per unit angular 
deflection of a light ray at the test section. Show that this 
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sensitivity may be calculated •witb. 



Derive an expression for the contrast in terms of the sensitivity , 
the density gradient, and the test section width. 

7-15 Show that the sensitivity of an interferometer, defined as the 
number of fringe slufts per unit change of density, may be 
written as 


S 


Hi 

Xp. 


Show that the maximum sensitivity of an interferometer 
defined as the number of fringe shifts per unit change in Mach 
number will be about 30 when L = 6 in., X = 5400 A, 
/S = 0.000293, and the stagnation density is that of air at 
standard conditions. 

7-16 Calculate the temperatures corresponding to the four fringes 
nearest to the plate surface in Example 7-5. 

7-17 The velocity in turbulent tube flow varies approximately as 



where «« is the velocity at the center of the tube aud Td is the 
tube radius. An experimental setup using air in a 1-ft-diam 
tube is used to check this relation. The air temperature is 
70°F, and pressure is 15 psia. The maximum flow velocity is 
50 ft/sec, and a pitot tube is used to traverse the flow and 
obtain a measurement of the velocity distribution. Measure- 
ments are taken at radii of 0, 2, 4, and 5 in., and the uncer- 
tainty in the dynamic-pressure measurement is ±0.02 in. 
water. Using the above relation and Eq, (7-51), calculate the 
nominal velocity and dynamic pressure at each radial loca- 
tion. Then calculate the uncertainty in the velocity measure- 
ment at each location based on the uncertainty in the pressure 
measurement. Assuming that the above relation does 
represent the true velocity profile, calculate the uncertainty 
which could result in a mass flow determined from the experi- 
mental data. The mass flow would be obtained by performing 
the integration 


TO = ' 2sTpu dr 


2S 
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7*IS Calculate the dynamic pre«sure measured by a pitot luhe in a 
flow stream of water at TO^F moving; at a velocity of 10 ft/iV'c 

7-19 Cbing the supersonic piloMube formula given by Eq (7'o2), 
obtain an expression for (he uncertainty in the Mach number 
as a function of the percent uncertainty in the pree«urc ratio 
(p-/p».) Ihc nominal value of the Mach number. Dot 
the percent uncertainly m the Mach number as a function 
of Mach number for a constant uncertainty jn (pa/p#,) of 
I percent. Assume 7 = 14 

7-20 A venturi with throat and upstream diameters of 8 and IC in 
is used to measure the flow of water at 70®F The flow rate is 
controlled by a motorized valve downstream from the venturi 
The valve is operated so that a constant differential prewure 
of 12 in Hg is maintained across (he ventun Suppose some- 
one informs you that this type of control scheme is not very 
effective because it does not account for possible changes m 
temperature of the water Reply to this criticism by plotting 
the error in the flow rate as a function of water temperature, 
taking the flow at 70*F as (he reference value 

7*21 An obstruction meter is used for the measurement of the flow 
of moist air at low velocities Suppose that the flow rate is 
calculated taking the density as that of dry air at t>0*F 
Plot the error in this flow rate as a function of relative 
humidity. 
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chapter Q 


The measurement 
of temperature 


8-1 INTRODUCTION 

To most people, temperature is on intuitive conrept nhich tells 
whether a body is “hot" or “cold ’’ In the expo^jtion of the second 
principle of thermodynamics, temperature is related to heat, for it 
IS known that heat flows only fron>a high temperature to o low tem- 
perature, m the absence of other cffwls In the kmeiii theorj- of 
gases and statistical thermodynamics n is «:hown that temperature is 
related to the average kinetic energy of the molecules of an ideal gas 
Further extensions of statistical thermodynamics show the relation- 
ship between temperature and the energy levels in liquids nnd «olids 
We shall not be able to discuss the many theoretual aspects of the 
concept of temperature but may only note that it is important m 
every branch of physical science, hence the espcnmcntal engineer 
should be familiar with the methods employed in temperature 
measurement. Detailed discussions of the thermodynamic meaning 
of temperature are given by Obert (8), Sears (lOJ, Tnbus [12), and 
Rossini [9] 

Since pressure, volume, electrical rc-sistance, expansion coefS* 
dents, etc , are all related to temperature through the fundamental 
molecular structure, they change with temperature, and these 
changes can be used to measure temperature Calibration may be 
achieved through comparison with established standards as dis- 
cussed m Chap 2. The International Temperature Scale serves to 
define temperature m terms of observable characteristics of malenals 

8-2 TEMPERATURE SCALES 

The two temperature scales in use are the Fahrenheit and centigrade 
scales These scales are based on a spedfication of the number of 
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Fig. 8-1. Rebtienship between Fahrenheit and 
centigrade temperature scales. 
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increments bet ween the freezing point and boiling point of water at 
standard atmospheric pressure. The centigrade scale has 100 units 
between these paints, while the i''ahronhcit scale has 180 units. The 
absolute centigrade seale is railed the Kelvin scale, while the absolute 
Fahrenheit scale is termed the Kankine scale. Both absolute scales 
arc so defined that they will correspond as closely as possible with 
the absolute thermodynamic temperature scale. The zero points 
on both ab.solutc scales represent the same physical state, and the 
ratio of two values is the same, regardless of the absolute scale used, 
i.e., 



Rankint* 



(8-1) 


I'he boiling point of water is arbitrarily taken as 100° on the centi- 
grade scale and 212° on the Fahrenheit scale. The relationship 
between the scales is indicated in Fig. 8-1. It is evident that the 
following relations apply: 


°F = 32.0 + 1° C 
°R = f K 


(8-2a) 

(8-2b) 


It inaj' be noted that the name Celsius has been officially adopted to 
replace the name centigrade, but the adoption is not yet in wide- 
spread use. 
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8-3 TEMPERATURE MEASUREMENT 
BY MECHANICAL EFFECTS 

Several lemperaiure-measurernent devices rosy be </a-«eificd as 
mechamcally operative. In this sense %e shall be concerned mth 
those devices operating on the basis of a change in merhanic.'il 
dimension with a change m temperatuie 

The liquid-m-glaas thermometer « one of the most common 
types of temperature-measurement devices The construction 
details of such an instrument are shown m Fig 8-2 A retstively 
large bulb at the lower portion of the thermometer holds the major 
portion of the liquid, which expands when heated and rises in the 
capillary tube upon which are etched sppropnate scale marking* 
At the top of the capillary tube another bulb i« placed to provide a 
safety feature m case the temperature range of (he thirmometpr is 
inadvertently exceeded Alcohol and mercury are th<» nic«t com- 
monly used liquids Alcohol has ihe advantage that it has a higher 
coefficient of expansion than mercury but n « limited to low-tetn- 
peraturc measurements becauv; it tends to bo»I away at high tem- 
peratures Mercury cannot be used below it* fTtczing point of 
—38 78*F The si^e of the capillary depends on the sue ol the 
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FIe. 8-2. Schematic of a mereufy-l»v-f**** therfwmrt tr. 
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sensing bulb, the liquid, and the desired temperature range for the 
thermometer. 

In operation, the bulb of the iiquid-in-glass thermometer is 
e.\posed to the environment whose temperature is to be measured. 
A rise in temperature causes the liquid to expand in the bulb and 
rise in the capillary, thereby indicating the temperature. It is 
important to note that the expansion registered by the thermometer 
is the difference between the expansion of the liquid and the expan- 
sion of the glass. The difference is a function not only of the heat 
transfer to the bulb from the environment, but also of the heat con- 
ducted into the bulb from the, stem; the more the stem conduction 
relative to the heat transfer from the environment, the larger the 
error. To account for such conduction effects the thermometer is 
usually calibrated for a certain specified depth of immersion. High- 
grade mercury-in-glass thermometers have the temperature scale 
markings engraved on the glass along with a mark which designates 
the proper depth of immersion. Very precise mercury-in-glass 
thermometers may be obtained from the National Bureau of 
Standards with calibration information for each thermometer. 

Mercury-in-glass thermometers are generally applicable up to 
about G00°F, but their range may be extended to 1000'’F by filling 
the space above the mercury >yith a gas like nitrogen. This increases 


Table 8-1 Mechanical properties of some commonly 
used thermal materials 


M aleriat 

Thermal coeIJieicnl 
of expansion 
per "C 

! 

Modulus of 
elasticity t pet 

Invar 

1.7 X 10-* 

21.4 X 10* 

yellata brass j 

2.02 X 10-' 

14.0 X I0‘ 

Monet -iOO 1 

1 .35 X 10-* 

20. 0 X 10* 

Inconel 702 

1 .25 X to-* 

31.5 XIO* 

Ulm'nless-stecl tj/pe .710 

1.0 xio-» 

2S X 10* 


232 



The measurement of temperature 


the pressure on the mercury, raises its boiling point, and thereby 
permits the use of the thermometer at higher temperatures. 

A very widely used method of temperature measurement is the 
bimetallic strip. Tvro pieces of metal with different coefficients of 
thermal expansion are bonded together to form the device as shown 
in Fig. 8-3 When the strip is subjected to a temperature higher 
than the bonding temperature, it will bend in one direction; when it 
is subjected to a temperature lower than the bonding temperature, 
It will bend in the other direction. Eskin and Fntie [3] have gisen 
calculation methods for bimetallic strips The radius of curvature 
r may be calculated as , 

^ H3(l -H my + (1 + mn) [m* + (i/>nn)» 

' 6(0. - oiKr - n)(l + m)> 

where 

1 ■■ combined thickness of the bonded strip 
m ■ ratio of thicknesses of low-expansion to high-expansion 
materials 

n * ratio of moduli of elasticity of low-expansion to high- 
expansion materials 
ai Bs lower coefficient of expansion 
■■ higher coefficient of expansion 
T - temperature 
Ta - initial bonding temperature 

The thermal-expansion coefficients for some commonly used mate- 
nals are given in Table 8-1. 


Esomple 8-1 

A bimetallic strip is constructed of strips of yellow brass and Invar 
bonded together at lOOT Each raatenal has a thickness of 0 014 in. 
Calculate the radius of curvature produced when the atrip is subjected to a 
temperature of 200“F. 


Solution We use Eq. (8^) with properties from Table 8-1. 


T-T, = 100*F = 65 CC 
m= 1.0 


, _ 21.4 X 10* 
14 0 X 10» 


1.53 


«i = 1.7 X 10-' *0-* 
a, = 2 02 X 10-* *0-* 
t = (2)(0014) = 0 028 m. 
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Thus, 

(0.028)[(3)(1 + ly + (1 + 1.53)(1 + 1/1.53)1 
“ 6(2.02 - 0.17)(10-‘){55.6)(1 + 1)= 

= 18.35 in. 

Fluid-expansion thermometers represent one of the most eco- 
nomical, versatile, and nndely used devices for industrial temper- 
ature-measurement applications. The principle of operation is 
indicated in Fig. 8-4. A bulb containing a liquid, gas, or vapor is 
immersed in the environment. The bulb is connected by means of a 
capillary tube to some tj’pe of pressure-measuring device such as the 
Bourdon gage shorni. An increase in temperature causes the liquid 
or gas to expand, thereby increasing the pressure on the gage; the 
pressure is thus taken as an indication of the temperature. The 
entire system consisting of the bulb, capillary, and gage may be 
calibrated directly. It is clear that the temperature of the capillary 
tube may influence the reading of the device because some of the 
volume of fluid is contained therein. If an equilibrium mixture of 
liquid and vapor is used in the bulb, however, this problem may be 
alleviated, protnded that the bulb temperature is always higher than 
the capillary-tube temperature. In this circumstance the fluid in 
the capillary will always be in a subcooled liquid state, while the 
pressure will be uniquely specified for each temperature in the 
equilibrium mixture contained in the bulb. 

Capillary tubes as long as 200 ft may be used with fluid-expan- 
sion thermometers. The transient response is primarily dependent 
on the bulb size and the thermal properties of the enclosed fluid. 
Highest response may be achieved by using a small bulb connected 
to some type of electric pressure transducer through a short capillary. 



rijr. 8-4. Fluid-expansion thermometer. 
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8-4 TEMPERATURE MEASUREMENT 
BY ELECTRICAL EFFECTS 

Electrical methods of temperature inea«ureincnt are fcry con- 
venient because they furnish a signal which is easily detected 
amplified, or used hr control purposes In addrtion, they arc 
usually quite accurate when properly calibrated and compensated 


Electrical-resistance thermometer 


One quite accurate method of temperature mea«uremcnt is the 
electncal-resistance thermometer It con«'sl« of some tj’pe of 
resistive element which is exposed lo the temperature (o be meas- 
ured The temperature ts indicated through a mes'urcment of 
the change in resistance of theelein iit tret era) tj-pcs of materials 
may be used as resistive efemcnt« and their characteristics are 
given m Table 8-2 The linear temperature coefficient of resistance 
a IS defined by 


“ ° - )f,f, 


(S-4) 


where J?» and i2i are the resistances of the material at temperatures 
Ti and Ti respectively The relationship in Eq. (8-1) is usually 
applied over a narrow temperature range such that the variation 
of resistance with temperature approrimales a linear relation For 


Table 8-2 Resistance-temperature 
coernclenU «» at room temperature, ’C-'t 


AVSd 

TunitUn 

Ahmtnvn 

CoTV*r 

Laid 

SOrtr 

Goii 

yjslmvn 

Utmrj 

SCga0Hit» 

CatiM 

ElfHre^ . 

fAcwnfioatoJjo'*!®! 


0 DOST 
0 003 toO 006 

0 «MS 
0 004S 
0 0043 
0 0(M3 
0 0041 
0 004 
0 00352 
0 onow 
+0 00002 
-0 OOOT 

-0 02 ta -5 05 
-O06«W ■'■0 
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\vider temperature ranges tlie resistance of tlie material is usually 
expressed by a quadratic relation 

R = Rc{l +aT + bT^) (8-5) 

where 

R = resistance at temperature T 
Ra — resistance at 0°F 
a,b - experimentally determined constants 

It may be noted that the platinum resis'ance thermometer is used 
for the International Temperature Scale between the oxygen point 
and antimony point as described in Chap, 2. 

Various methods are employed for construction of resistance 
thermometers, depending on the application. In all cases care must 
be taken to ensure that the resistance wire is free of mechanical 
stresses and so mounted that moisture cannot come in contact wth 
the wire and influence the measurement. 

The resistance measurement may be performed vrith some type 
of bridge circuit as described in Chap. 4. For steady-state measure- 
ments a null condition will suffice, while transient measurements 
will usually require the use of a deflection bridge. >^006 of the 



(5) (c) 


Rg. E-5. 


Methods of coTT^lng for lead resistance with electrical-resistance ther- 
mometer. (a) Slemen's three-lead arrangement; (b) Callender four-lead 
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primary sources of error in fte eIcctrirft{-f--:-i-are tb'.ir.o'r-.tor 
IS the effect of the r^tance of the lead* wh-A ronr ‘■c; thf» el'-'nent 
to the bridge circuit Several arrangeireuts r’ay he to coirrct 
for th's effect, as shown la Jig, S-5 The S‘»r:’fn’s three-lesd 
arrangement is the simplest tj-pe of correctiie eircurt At taKnre 
conditions the center lead carries no ciirrent and the effect cf th" 
resistance of the other two leads is canceled out The Callender 
four-lead arrangement solves the problem bj insertirg two addi- 
tional lead wires in the adjustable leg of the bridge so that the effect 
of the lead wires on the resistance thermorreter is canceled out 
The ffoating-potential arrangement in (e) «■» the same as the Siemen'« 
connection, but an extra lead is inserted TI.13 extra lead may be 
used to check the equality of lead resi«tance The thermometer 
reading may be taken m the position shown, folloncd by additional 
readings with the two right and left leads mtcrcliangcd re*pecti\cly. 
Through this interchange procedure the best average reading may 
be obtained and the lead error mmimired 


Example 8-2 

A platinum resistance thermometer is u»ed at room temperature 
Asauming a linear temperature vanation with reMsIance, ealciilate the 
sensitivity 0 / the thermometer in ohms per ‘F 

Sohtien The meaning of a linear vansoon of resistance with tem- 
perature IS 

R - R,ll + a(T - T,)] 

where Rq is the resistance at the reference temperature Tq The sensitivity 
is thus 


Rq depends on the length and sue of the resistance wire At room tempera- 
ture, a - 0 00392 'C-' ** 0 002J8 ’P-* for platinum 


Thermistors 

•A-he thermistor is a semicomlnclor derice which has a "'’SJ'"'' 
temperature coefficient of resistance in contrast 0 I ’ 

coefficient displayed by most metals. Furthermore, ^ 

follows an exponential variation with temperature ms c. 



ohm-cm 
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polynomial relation like Eq. (8-5). Thus, for a thermistor, 

E = Eoexp|^^^i-^^j (8-6) 

where /?o is the resistance at the reference temperature To and /3 
is an experimentally determined constant. The numerical value 
of /3 varies between 3500 and 4G00°K, depending on the thermistor 
material and temperature. The resistivities of three thermistor 
materials as compared with platinum are given in Fig. 8-6 according 
to Ref. [1]. , A tj'pical static voltage-cuirent curve is shown in 
Fig. 8-7, while a typical .set of traTisicnt voltage-current charac- 
teristics is illustrated in Fig. 8-S. The numbers on the curve in 
Fig. 8-7 designate the degrees centigrade rise in temperature above 
ambient temperature for the particular thermistor. 

■^hc thermistor is an extremely sensitive device, and con- 
sistent performance within 0.01°C may be anticipated with proper 
calibration. A rather nice feature of the thermistor is that it may 
be used for temperature compensation of electric circuits. This is 
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possible because 0/ the negatn-e temperature charactenstic which 
It exhibits so that it can be used to counteract the increase 10 
resistance of a circuit with a temperature increase 


Example 8*3 

Calculate the temperature scnsitinty for themiiator Ko 1 in Fig. 8-6 
at 100*C. Express the result 10 ohm-cm *C"' Talce 8 " 4l20’K at 
ItWC. 


ExpcTirncrttzl mcti^od.s for ens^nocrs 


Soi-jfion. The sensiti-ritv is cbtsined br diferanttar^; E-?. 
5 = || = i?,ex?[d(4-|r)]-^ 

TVe to express ibe rKailt « restsc—T;.- xr.;:s: ir.”s :z 
IPO'C is inserted for ifr- Also, 

3- = Tt = iOO=C = S7S=K 

so that 


resst 



(110) (4120) 
(373)* 


T. 
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The most coiur'.oti elettrirtti r.'.etnon o: terat'erafirs mesHtirement 
uses the thenr.oeo'jpk-. ~^iT.ea f^o disstn'dicjr r.;eta!s are ioiced 
locether as in Fig. S-5. an e~; •rriii exist befrreen the ttvo point^.-l 
F-nd B tehich is printarily a ftntrtion of the iunef.on ter.iperaturer 
This phenomenon is ended the Seebeck e'Zett. 1: the rmo materials 
are connected to an erterr.al circuit sneit that a current is dra'cm. 


the cmf may be aiter-ed siightly otring to phenorr.enon called the 
Peltier efTert. Fimther, i; a temperafure gradient erdrvS along 
either or both of the materials, the junctKin errd may undergo an 
additional slight alteration. This is ca'ied Tuomson eZect. 
There are. then, three emus present m a thrmtoeiectric circuit; the 
Seebeck emf. caused by the iuncrion c: disnuuiar metals; the Peltier 


emf, caused by a current So~ in the c;rcu:t ; and the Thomson emf, 
trhich rerults from a temperature gra-dtent tn the materials. The 
Seebeck emf is of prime concern since is denendent cn irinction 


temperature. If the em.; generated at the juncti 
metals is carefully measured as a function of 
such s Junction may be utilired for the measurem 


on o; tmo dissimilar 
temperature, then 


sent o: temueratureO 





ns.S-.S. Junction cf tns dissimilar 
mftais InJIcstins thermo- 
electric effect. 
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Flf. 8*10. Influence of a third rtMtal In a 
thermoelectric circuit; law of 
Intermediate metali. 


The mein problem arises when one attempts to measure the poten- 
tial When the two dis&izmiar materials are connected to a meas- 
uring device, there will be another thermal emf generated at the 
junction of the materials and the connecting wires to the voltage- 
measuring instrument. This cm/ will be dependent on the tem- 
perature of the connection, and provision must be made to take 
account of this additional potential. 

Two rules are available for analysis of thermoelectric circuits 

\J/^U a third me'.al is connected in the circuit as shown m Fig. 
&-10, the net emf of the circuit is not affected as long as the 
new connections are at the same temperature T^is statement 
may be proved with the aid of the second law of thermody- 
namics and IS known as the late of intermediait metali. 

^ Consider the arrangements shown in Fig. 8-11. The simple 
thermocouple circuits are constructed of the same materials 
but operate between different temperature limita Circuit (o) 
develops an emf of Ei between ternperatures Ti arid Tti circuit 
( 6 ) develops an emf of Et Iwtween temperatures Tt and Tx 
The law of tnlermtdtaU tmperaiurti states that this game circuit 
will develop an emf of f i = £i + Ex when operating between 
temperatures T , and Ti, as shown in (c) 

It may be obser%vd that all thermocouple circuits must invoh’e 
at least two junctions If the temperature of one junction is known, 
then the temperature of the other juactioo may be easily calculated 
with the thermoelectric properties of the matenals The known 
temperature is called the referenet Imperature A common arrange- 
ment for est abhshing the reference temperature is the ice bath shown 


' — ® r. r. 
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in FiR 8-12. An cquilibruim mixture of ice and air-saturatcd 
distilled water at standard atmospheric pressure produces a tan 
ipmoerature of 32“F. When the mixture is contained m a Deuar 
ksk it may be maintained for extended periods of time. Aote that 
the arrangement in Fig. 8-12 (o) maintains both thermocouple u ires 
at a reference temperature of 32°F, whereas the arrangement m (6) 
maintains only one at the reference temperature. The system 
in (al would be necessary if the binding posts at the voltage-measur- 
inR instrument were at different temperatures, while the connection 
in (5) would be satisfactory if tbe binding posts were at the same 
temperature. To be effective the system in (a) must have copper 
binding posts, i.e.. the binding posts and leads must be of the same 

VtTs common to express the thermoelectric emf in terms of the 
potential generated with a reference junction at 32°F. Standard 
thermocouple tables have been prepared on this basis, and a sum- 
mary of the output characteristics of the most common thermo- 
couple combinations is given in Table 8-3. These data are shown 
graphically in Fig. 8-13, along with the behavior of some of the more 



FIs. 8-12, Conventional mcthoils for cstablljhlng reference tem- 
perature In Ihcrtnocoople circuit. Iron-comtontan 
thermocouple tllustratcrS. 
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Table 8-3 Thermal emf In absolute millivolts for commonly used 
thermocouple combinations aceordlns to Ref. [14] 


(Based on reference [unellon al 32*F) 


Temprro-' 
lure, ‘F 1 

Coj>j>er- 

ConeUtnlait 

ChnuntU 

Corutantan 

Inn- 1 

Cenebtalait \ 

C\n’nt7- 

Alumel 

FUlinv’^- 

ton /tfxylwn 

-300 1 

-5 234 

-8 30 

-7 52 1 

~5 51 


-250 

-4 747 


-6 71 

-4 96 


-200 

-4 111 1 

-6 40 

-5 76 

-4 29 


-150 

-3 330 


-4 63 

-3 52 


-100 

-2 559 1 

-3 04 

-3 49 

-2 65 


-so 

-1 654 


-2 22 

-1 70 


0 

-0 670 

-1 02 

-0 89 

-0 6« 


so 

0 389 


0 50 

0 40 


100 

1.517 

2 27 

1 94 

1 53 

0 221 

ISO 

2 711 


3 4i 

2 66 

0 401 

200 

3 967 1 

5 S7 

4 91 1 

3 82 

0 595 

250 

5 280 


6 42 

4 97 

0 800 

300 

6 647 

9 71 

r 94 

6 09 

1 017 

350 

6 064 1 


9 43 1 

7 20 1 

I 242 

400 

9 525 

13 75 

11 03 

8 31 

1 474 

450 

11 030 1 


12 57 

9 43 

1 712 

500 

12 575 

17 95 

14 12 

10 57 

1 950 

600 

15 773 

22 25 

17 18 

12 86 

2 458 

700 

19 IOC 

26 65 

20 26 

15 16 

2 977 

600 


31 00 

! 23 32 

17 53 

3 506 

1000 


40 06 

29 52 

22 26 

4 596 



49 (M 

' 36 0! 

' 20 9S 

' 5 726 

1500 


62 30 


33 93 

7 498 

1700 


70 90 

1 

1 33 43 

8 732 





44 91 

' 10 662 

2500 



1 

54 02 

1 13 991 

3000 



1 


17 292 


exotic thermocouple maten^Is The output %'oI(age £* of s simple 
thermocouple circuit is usually written in the form 

'^E ~ AT +4Br* +|Cr‘ (8-7) 

where T is the temperature m 'C and E is based on a reference junc- 
tion temperature of 0*C. The constants 4, R, and C are dependent 
on the thermocouple material 

The sensitivity, or Ihermoeicctnc porcer, of a thermocouple 
is given by 

S - ^ - /I + B7- + cr" (M) 
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ptny.) |Sm also F1{. (1-15X1 


lie M gives the approximate values of the sensitivity of various 
enals rolative to platinum at O’C. A summary of the operating 
je and charactenstica of the most common thermocouple 
erials is pven in Figs S-13 and 8-14. 

The output of thermocouples is m the mdhvoU range and may 
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instruments can read potentials within 1 #iv. It may be noted that 
the resistance of the lead wires is of no consequence when a poten- 
tiometer is used at balance conditions since the current flow js rcro 
in the thermocouple circuit. 


Exomple 8-4 

An iroo*constsntan thermocouple is connected to a potentiometer 
whose terminals sre at 75*F The potentiometer reading « 3.59 mT 
What IS the temperature of the thermocouple iunction? 

SoM/ofi The thermoelectric potential eorrespondiog to 75*r is 
obtained from Table $-3 as 


Fu = 1.22 iBv 

The emf of the thermocouple based on a 32*r reference temperature is ibu* 
Er - l.« + 3.59 - 4 81 me 

From Table 8*3 the corresponding temperature a 197*F 

In order to provide a more sensitive circuit, thermocouples are 
occasionally connected in a senes arrangement as shown m Fig &*IC 
Such an arrangement is called ijktmwptU, and for the three-junc- 
tion situation, the output would be three times that of a single ther- 
mocouple arrangement pToitdtd that the temperatures of the hot and 
cold junctions are uniform '^c thermopile arrangement is useful 
for obtaining a substantial emf for roeasuremenLof a small tem- 
perature difference between the two junctions^ In this way a 



FtS’ 8-lS. TTwmepffe e»n»eetf»n. 
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Fig. 8-17. fcricseoMncctlonofthormocouplM. 


rclfttivnlv ir.cxpctuivc iiiHlruniciit inriv be used for voltage iTicasurc- 
meat, whereas a microvolt potentiometer might othertvise- be 
required. ^Vhcn a thermopile is installed, it is important to ensure 
that the junction? are electrically insulated from one another. We 
have fccu that the typical thermocouple measures the difference in 
temperature between a certain unknown point and another point 
<ic.':ignntcd as the reference temperature. The circuit could just as 
well be employed for the measurement of a dilTerontial temperature. 
For rmall difTerential.s, the thermopile circuit is frequently used to 
advantage. Xow insider the series thermocouple arrangement 
rhown in Fig, S-I7. ’^The four junctions are all maintained at differ- 
ent temperatures .and connected in .series. Since there are an even 
number of junctions, it is not necessary to install a reference junc- 
tion iice.'ju'e the sWe type of inet.a! is connected to both terminals of 
the potentiometer. If we note that the current will flow from plus 
to minus, and nssumc that junction .-1 produces a potential drop in 
tins direction, then junctions B and D will produce a potential drop 
i.o the opposite direction and junction C will generate a potential 
d.'op in the same direction as junction A. Thus the total cmf 
mer..'-uro<l at the potentiometer terminals is 

/; ~ A- ec - tn (8-9) 

rho rc.'.ding will ho zero when all the junctioms arc at the same 
temperature and will take on some other value at other conditions. 
Xot'', liowcvcr, that the cmf of thi.s .series connection is not indicative 
of any p.srtirular temperature. It i.s not representative of an average 
of the junction lempemturc-S. 

'/The pnr.'dlel con.ucction in Fig. 8-18 may be used for obtaining 
th-- r.ve.mge temperature of a number of points. Each of the four 
jutm'.'on.s may }>’ .at a different temperature and hence will generate 
ft di.^orcnt emf. The bucking potential furnished by the potentiom- 
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eter will be the average of the four junction potentials. There can 
be a small error in this reading, horever, b^use there is a email 
current flow in the lead wires as a result of the difference m potential 
between the junctions Thus, the resstance of the lead wires will 
influence the reading to some extent.''' 

A more suitable way of obtaining an average temperature is to 
use the thermopile circuit in Fig. 8-16. Each of the “hot" junctions 
may be at a different temperature, while all the "cold" junctions 
may be maintained at a fixed reference value The average emf is 
then given by 

E... - S (8-10) 

where n is the number of junction pairs and B is the total reading of 
the thermopile The average temperature corresponding to the 
average emf given m Eq. (8-10) may then be determined 

From the above discussion it is clear that the thermocouple 
measures the temperature at the last point of eleetnc contact of (he 
two dissimilar materials Consider the situations shown in Fig 
8-19. The thermocouple installation in (o) is made so that only the 
junction bead makes contact with the metal plate whose temperature 
IS to be measured The lastallsttoa to (b) allows contact at two 
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and along wires. 


points. If there is a temperature gradient in the metal plate, then 
the emf of the thermocouple will be indicative of the average of the 
temperatures of these two points. In big. 8-19c only the junction 
bead contacts the metal plate, but the two thermocouple wires are 
in electric contact a short distance away from the plate. The 
temperature indicated by the thermocouple will be that tempera- 
ture at the shorted electric contact. 


Quartz-crystal thermometer 

A novel and highly accurate method of temperature measurement is 
'/based on the sensitivity of the resonant frequency of a quartz crystal 
to temperature change. When the proper angle of cut is used with 
the crystal, there is a very linear correspondence between the resonant 
frequency and temperature.'^ Commercial models of the device 
utilize electronic counters and digital readout for the frequency 
measurement. For absolute temperature measurements usable 
sensitivities of 0.001'’C are claimed for the device. Since the meas- 
urement process relies on a frequency measurement, the device is 
particularly insensitive to noise pickup in connecting cables. 


Example 8-5 

The thermopile ariangeroent of Fig. 8-lG uses copper-constantan 
thermocouples with T, = SOO’F and E = 3.2 mv for the three-junction 
pairs. Calculate the value of Tj. 


Satulion. We first calculate the thermoelectric sensitivity at SOO^F 
using the values in Table 8-3. 


^ ~ 8.064 - 5.280 

dT/soo ~ 350 - 250 " 100 


0.0278 mv 'F-i 


The thermoelectric emf generated by each junction pair is 
® = 1.067 mv 
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BO that the temperature difference w 


r,-r, 


E 

“5 


1.067 
“0 0278 


- S8.4*r 


and 


ft - 300 + 38 4 - 33S 4T 
Example B-6 

The thermoelectric effect ha< been used for electnc power generation 
Calculate the thermoelcctnc ren-sitmly of a device using bismuth and 
tellurium as the di^imilar matenaU, and estimate the maiimum voltage 
output for a 1 00“F temperature difference at approxunately room tempera- 
ture using one junction. 

SoMo/i The sensitivity is calculated from the data of Table S-4 as 

S - ff.lM.. - 

-300 -(-72) - 372pv*C-* 

The voltage output for a lOO^F temperature difference u calculated as 
E - Sar - (S72 X 10-*){5/0)(100) 

- 3 18 X 10-* volt 


8-5 TEMPERATURE MEASUREMENT 
BY RADIATION 

'^n addition to the methods described in the preceding sections, it is 
possible to determine the temperature of a body through a measure- 
ment of the thermal radiation emitted by the botly'^ Two methods 
are commonly employed for measurenient vff) optical pjTometrj 
emittance determination Before we discuss these methods, 
it is necessary to de.<cnbe the nature of thermal radiation 

'^Thermal radiation is electromagnetic radiation emitted by a 
body as a result of its temperature This radiatioa is diitingujihed 
from other types of electromagnetic radiation such as radio waves 
and X rays, which ore not propagated as a result of temperature 
Thermal radiation lies m the wavelength region from about 0 ! to 
100 fi (l|i - 10'* m). The total thermal radiation emitted by an 
ideal blacKboJy (ideal radi.stion) is given as 


£■* - <rT* v' 


(8-11) 



|M)\vcr, ft'^y x 10“ * 
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•wliere , 

o = Stefan-Boltzmann constant and is equal to 0.1714 X 
10-*- Btu/(hr){ft')Cm<) 

T = absolute temperature, degrees Kanldne 
Et = emLesive power, Btu/(hr)(ft") 

The emissive power of theblaclibody varies vrith wavelength accord- 
ing to the Planck distribution equation 




C{>r^ 

gC,i>r _ 1 


X =■ wavelength, ti 
T — temperature, °Pt, 

Cl = 1.187 X 10"' Btu-;iV(hr)(ft") 
C- = 2..5S96 X 10‘ /i-'R 


(8-12) 


Eli, is called the monochromatic blackbody emissive power. A 
plot of Eq. (8-12) is given in Fig. 8-20 for two temperatures^ 
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ns. 8-20. Blackbody emissive pcwer for two temperatures. 
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When thermal radiation stnkea a material surface, the following 
relation applies* 

a + P + r = 1 (8-13) 

where 

a = absorptivity or the fraction of the incident radiation 
absorbed 

p = reflectivity or the fraction reflected 
T = transmissivity or the fraction transmitted 

For most solid materials r = 0 so that 


o h p = 1 (8-14) 

The emisaivity « is defined as 


E 

Ek 




where E is the emissive power of an actual surface and Ft is the 
emissive power of a blackbody at the same temperature Kirchhofl’t 
identity furnishes the additional relationship 


(8-16) 


under conditions of thermal equilibrium. A gray body is one for 
which the emissivity is constant for all wavelengths, i e , 


fi. 


A 

En “ * 


(8-17) 


Actual surfaces frequently exhibit highly variable emissivities over 
the w’avelength spectrum. Figure 8-21 illustrates the distinctive 
features of blackbody and gray-body radiation For purposes of 
analysis the real surface is frequently approximated by a gray body 
having an emissivity equal to the average total emissivity of the real 
surface as defined by Eq (S-15) 

Let us now consider the measurement of temperature through 
the use of optical pyrometry. This method refers to the identifica- 
tion of the temperature of a surface with the color of the radiation 
emitted. As a surface is heated, it becomes dark red, orange, and 
finally white in color. The maximum points in the blackbody 
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Fig. 8-21. Comparison of emissive povfers of blockbody , Ideal 
gray body, and actual surfaces. 


radiation curves shift to shorter -wavelengths with increase in tem- 
perature according to Wien’s law 

Xn«T = 5215.6 p-^R (8-18) 

where Xbu: is the wavelength at wWch the maximum points in the 
curves in Fig, 8-20 occur. The shift in these maximum points 
explains the change in color as a body is heated; i.e,, higher tempera- 
tures result in a concentration of the radiation in the shorter wave- 
length portion of the spectrum. The temperature-measurement 
problem consists of a determination of the variation of temperature 
with color of the object. For this purpose an instrument is con- 
structed as shown schematically in Fig. S-22. The radiation from 
the source is -viewed through the lens and filter arrangement. The 
absorption filter at the front of the device reduces the intensity- of 
the incoming radiation so that the standard lamp may*- he operated 
at a lower level. The standard lamp is placed in the optical path 
of the inconung radiation. By an adjustment of the lamp current 
the color of the filament may be made to match the color of the 
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incoming radiation. The red filter is installed m the eyepiece to 
ensure that comparisons are made for essentially monochromatie 
radiation, thus eliminating some of the uncertamties resulting from 
variation of radiation properties with wavelength 

Figure 8*23 illustrates the appearance of the lamp filament as 
viewed from the eyepiece tVhen balance conditions are achieved, 
the filament mil seem to disappear m the total incoming radiation 
field. Temperature calibration is made m terms of the lamp heat- 
ing current 

The temperature of a body may also be measured by determin- 
ing the total emitted energj’ from the body and then calculating the 
temperature from 

E = taT* (8-19) 


In order to determine the temperature, the emissivity of the mate- 
rial must be known so that 


T = 


(i)‘ 


Fix. >.23. Appearance of lamp flUment 
In eyepiece of optical pyrom- 
eter. 


( 8 - 20 ) 


© o © 
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Fig. S-24. Temperature error due to non-blackbody-surfaee 
conditions. 


The apparent blackbody temperature is the value as calculated fron 
Eq. (8-20) with e = 1, or 





(&-21 


If the apparent temperature is taken as the measiued value, th 
error in temperature due to nonblackbody conditions is thus 


Error = 




= 1 - 


(8-22 


Figure 8-24 gives this error as a function of emissivity. 

Several methods are available to measure the emitted therms 
energy from a body, and these methods will be discussed in Chap, i: 
For now, it is important to realize that temperature may be calm 
lated from the above equations, once this measurement is made. 

In practice the optical pjTometer is the more widely used of th 
two radiation temperature methods since it is relatively ine-vpensi\ 
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and portable and the determination does not depend strongiy on the 
surface properties of the matensl The measurement of radiant 
energy from a surface can be qwle accurate, however, when suitable 
instruments are employed. If the surface etnlsssvc properties are 
accurately known, this measurement can result in a very accurate 
determination of teroperature U will be noled that a totaJ rar»"*- 


iiuuuuaLjuit un tiicrmat radiation and tempersloTe messurc- 
ments by the above methods 


Example 8*7 

The ettuUed energy from a piece of melal is measured, aod the fem- 
perature is determined to be 1950**?, assuming a roriare esnssivity ot b 92 
ft is later found that the true emissivily la 0 75 Calculate the error in the 
(ampetatuie determination 

So/o/»ofl The emitted energy is given by 


When T -» 1W0*F «• 2410*R, e = 082 We wish to calculate the value 
of the true temperature T' such that 

i-.W 

where «' •= 075 

Tlioj C0^2)(24l0)‘ - (0 76)(n‘ «Iid T' - (2410) (jH) - 
BO that the temperature error is 
{^T «* “ 2410 «= M'F 

S-6 EFFECT OF HEAT TRANSFER 
ON TEMPERATURE MEASUREMENT 

A heat-transfer process is associated with all lempetalurc 
inenls When a thermometer is exposed to aw eavironme" , 
temperature is determined m accordance with the tot? ea coc 
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Fig. 8-24. Temperature error due to non-blachl:;''' 
conditions. 
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He. t*2S. Schematfc of (tnent thermo- 
coupte (mtollatlon In a 
plate. 



whose temperature is to be measured The plate is exposed to a 
convection environment on both sides, and the thermocouple wire* 
are exposed to this same cnwronmeni The thermocouple wires 
are covered wth insulating material ns shown If the plate tem- 
perature is higher than the conveciioo environment, heat will be 
conducted out along the thermocouple wire and hence the tempera- 
ture of the Junction will be loner than the true plate temperature 
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exchange with the temperature-sensiiig element. In some instances 
the temperature of the thermometer can be substantially different 
from the temperature which is to be measured. In this section we 
wish to discuss some of the methods which may be used to correct 
the temperature readings. It may be noted that the errors involved 
are classified as fixed errors. 

Heat transfer may take place as a result of one or more of three 
modes: conduction, convection, or radiation. In general, all three 
modes must be taken into account in analyzing a temperature- 
measurement problem. Conduction is described by Fourier’s law 

q^-kA^ (8-23) 

where 

k — thermal conductivity 

A — area through which the heat transfer takes place 
q — heat-transfer rate in the direction of the decreasing tem- 
perature gradient 

If a temperature gradient exists along a thermometer, heat may be 
conducted into or out of the sensing element in accordance with this 
relation. 

Convection heat transfer is described in accordance with New- 
ton’s law of cooling 

q = hAiT, - T„) (8-24) 

where 

h — convection heat-transfer coefficient 
A - surface area exchanging heat with the fluid 
T, — surface temperature 
Ta — fluid temperature 

The radiation heat transfer between two surfaces is proportional to 
the difference in absolute temperatures to the fourth power according 
to the Stefan-Boltzmann law of thermal radiation. 


qi-i - a-FaF,(Ti* — Ti*) (8-25) 

where Fo is a geometric factor and F, is a factor which describes the 
radiation properties of the surfaces. 

Consider the temperature-measurement problem illustrated in 
Fig. 8-25. A thermocouple junction is installed in the flat plate 
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Flf. 8>2S. Schematic of general them«>< 
couple ImtallallOR In a 
plate. 



whose temperature is to be measured The plate is expovd to a 
convection environment on both sides, ond the thermocouple wires 
are exposed to this same environment The thermocouple wires 
are covered with insulating material as shown If the plate tem- 
perature 13 higher than the convection environment, heat will he 
conducted out along the thermocouple wire and hence the tempera- 
ture of the junction will be lower than the true plate temperature 
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An analytical solution to this problem has been presented by 
Schneider [11], and the results are given in Fig. 8-26. This solution 
neglects the radiation heat-transfer effects. 

The nomenclature for the parameters in Fig. 8-26 is as follows; 

hi, hi = convection heat-transfer coefficients on the sides of the 
plate as indicated 

hf - convection heat-transfer coefficient from each of the thermo- 
couple wires 

k — thermal conductivity of the plate material 
6 = plate thickness 

Tf — fluid temperature surrounding the thermocouple wire 
Ti = temperature indicated by the thermocouple 
Tp = true plate temperatiue (temperature a large distance away 
from the thermocouple junction) 

r, = \/2 r,, where r, is the radius of each of the thermocouple wires 


K = V2 -b 1)"' (8-27) 


where fcx and ks are the thermal conductivities of the two thermo- 
couple materials, 5, is the thickness of the thermocouple insulation, 
and ki is the thermal conductivity of the insulation. 


Example 8-8 

A copper-constantan thermocouple is attached to a I’-in.-thick stain- 
less-steel plate [it- = 35 Btu/(hr)(ft)(‘’F)] as shown in Fig. 8-25. The 
diameter of the wires is O.Ot in,, and the following estimates are made of 
the significant heat-transfer parameters: 


hi = 4.0 
hi = 2.5 
h, = 20 
k^ = 14 
ks = 220 
Tf = SOO'F 


Btu/(hr)(ft>)('’F) 

Btu/(hr)(ft»)('>F) 

Btu(hr)(ft*)(‘’F) 

Btu/(hr)(ft)(‘’F) (constantan) 
Btu/(hr)(ft)(»F) (copper) 


The thermocouple vires are coated with an electrically insulating lacquer 
which may be considered negligibly thin insofar as heat transfer is con- 
cerned. The plate is cooled on the side opposite the thermocouple installa- 
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tioQ, and the thermocouple indicates a temperature of SOOT Calculate 
the true plate temperature 

SoluHon. We observe that 


a » ^ in. = 0.0H2 ft 
r, = 0 02 m. = 000167 ft 
Ji « 0 
n = 300T 


From Eq (S-26), 


r 4.0 + 2.5 It 
L(35)(0 0142)J 


= 3 62 


From Eq. {8-27)j 

K - <s/5ir{14* + 220*)(000167 )'(jV + 

• 0251 

The parameters for use with Fig 8-2C are thus 

nr, - 2(0 00167)(3 62) - 0 00S56 
(351(00142) . , gj, 

A* (0 251) 

Using these values, we obtain from Fig 8-26 



or 

300 - r, = (0.29)(500 - T,) 


and T, = 218T. 

« r - r = 82T. This error could 
The thermocouple conduction erroM . » insulating the wires 

be reduced by using smaller tbermOcoupJe aires or / 

Now let U3 consider the generf Jrf„„„ron this 

measurement of a gas stream a m Fig 8-27 The 

measurement. The ” t’SS.led a, T„ the true 

temperature of the radiation temperature 
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Fig. 8-27. Schematic Hfustrating influ- 
ence of radiation on tempera- 
ture of thermometer. 

of the surroundings is T,. If it is assumed that the surroundings 
are very large, then the folloudng energ>' balance may be made; 

hA(T, - Tt) = - r.<) (8-28] 

■where 

h - convection heat-transfer coefficient from the gas to ths 
thermometer 

A = surface area of the thermometer 
e = surface emissivitj’ of the thermometer 

Equation (8-28) may be used to determine the true gas temperature 
In practice, the radiation error in a temperature measuremenl 
is reduced by placing a radiation shield around the thermometei 
which reflects most of the radiant energy back to the thermometer. 
A simple radiation-shield arrangement is shown in Fig. 8-28. The 
en-vironment is assumed to be very large, and we wish to find tht 
true gas temperature knowing the indicated temperature Ti and the 
other heat-transfer parameters such as the heat-transfer coefficients 
and emissiinties. The thermometer size may vary considerabl}'. 
from the rather substantial dimensions of a mercury-in-glass ther- 
mometer to a tiny thermistor bead embedded in the tip of a hypo- 
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:• 8-28. A simple radlatlon-shleld arrangement for 
a thermometer. 
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dermic needle. An enerpy hclanee nrhich neglect., condcclion 
effects may be made for both the thermometer and the shield usinc a 
radiation-netTTOrk analysis to obtain expressions for the radiation 
heat transfer.! The results of the enalj'sis are 

Thermometer 


Shield 


2h.(T, - T.) = 


Tlu -J. . Eu- E>. 

(.l/F,.)(A./A,) + lA, - 1 **■ lA. - 1 + l/F,. 

( 8 * 30 ) 


where 


j la.lr./(l-.,)l + fugnM,/A. + £n/l(l/r,.)(A,/A,) + l/.,-l| 

{A,/A.)|F,. + <,/(! - „)1 + l/l(iyr,)(A./A,) + l/i, - ll 

(Ml) 


*1 and <« are the emissivities of the thermoijjfter and shield, respec* 
lively, hi and hi are the convection hcat*transfcr coefficients from the 
gas to the thermometer and shield, respectively, At is the surface area 
of the thermometer for convection and radiation, A, Is the surface 
area of the radiation shield on each side, and the blackbody emissive 
powers El are given by 

El, = aT/ (8-32) 

El. = aTA ( 8 - 3 . 3 ) 

El. = eTA ( 8 - 34 ) 


The radiation-shape factors F are defined as 

F„ = fraction of radiation which leaves the thermometer and arrives 
at the shield 

F„ = fraction of radiation which leaves the outside surface of shield 
and gets to the environment (This fraction is 1 0.) 

Fu = fraction of radiation which leaves the thermometer and gets 
to the environment 


The analysis which arrives at Eqs (8-29) and (8-30) has been simpli- 
fied somewhat by assuming that all the radiation exchange between 

t An explanation of the radiation-network method u gnea m Ref [51 
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the shield and envirornnent mar be taken into account by sdinsting 
the -value of F„ to include radiation from the inside surface of the 
shield. Some type of conrection heat-transfer analysis must be 
used to determine the values of h- and h,. depending on whether 
natural or forced convection is involved, etc- A tn-sl and error 
solution must usually be perfonned on Eos, ($-29) and (S-SO) except 
in spedal cases. Some useful charts are given in Bef. {15] tor 
correcting temperature measurements for the enecis of conduction 
and radiation. 

In general, the determination of convection heat-transfer coeS- 
cients requires very detailed consderation of the 3uid dynsttacs of 
the problem and empirical relations must often be used for the cal- 
culation. For more information the reader should consult Befs. ]2] 
and [7]. Some frequently used formulas for calculating convection 
heat transfer are summarised in Table S-5. 


Example 8-9 

A laercnry-ia-clsss thermometer is rlsced inside a cold room sa a 
irorsn-food wareho-ase to measure the change in air teapsrat.ure when the 
door is left open for extended periods of time. In one instance the ther- 
mometer reads S4'F, trh2e the automatic temperatnre-contrdl system for 
the room indicates that the vsH Irr-.prrzim e; the room is 15'F. The 
convection heat-transfer coemcient for the thermometer is estimsted 
at 2 Biu/fhrKft-h'r), and t = 0.9 for glass. Estimate the tme sir 
temperature. 

Sofrf/on. tVe n» Ec. (S-2S) to calrrlate the true sir temnensture T^' 

h(T, - T.) = er(r,* - r,-9 

{2)(rc - 494) = (0.1714 X 10-')(0.9)(494‘ - 4T5<) 

Thus, 

r, = S03.7TI = 40.7=^F 


S-7 TRANSIENT RESPONSE 
OF THERMAL SYSTEMS 


When a temperature measurement is to be made under non-steadv- 
-^ate conditions, it is important that the transient xesnonss chara'c- 
tenshcs m the thermal sj-st^m be taken into account. ‘ Conrider th- 
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Fig. E-^S. Strnpfe thermal system subjected 
to 2 sudden change in ambient 
temperature. 


smple Ejstem sLotth in Fig. S-29. The Ihermoiceter i? represented 
or toe mass m and spedSe heat c and is suddenir ejrpwsed to a con- 
rection environment of ternperatnre T^. The cor.veelion heat- 
transfer coeSdent betvreen the thermometer and fi'jid 5s h. and radia- 
tion heat transfer is assumed to be negJimb’e. It is also assumed 
that the thermometer is subst anti ally uniform in temperature at any 
instant of time; i.e., the thermal conduetivity of the thermometer 
material is ruSdently large in comparisorr rrith the surface con- 
ductance because of the convection beat-transfer coeSdent. The 
energy balance for the transent process ma5' be vrntten as 

hA(T^ -T)= me— (8-35) 


The solution of ioq. (8-35) gives the temperature of the thermometer 
as a function of time. 


T-T^ 


Jt 


I c 


«•— l/rniri'* 


(S-35) 


mhere Tc is the thermometer temperature at time zero. Equation 
^,8-35) represents the familiar erponential decay behavior described 
in Sec. 2-7. The time constant for the s:.'stem in Fim 8-29 is 



(8-37) 


When the heat-transfer coeSdent is suSriently large, there 
may be ^abstantial temperature gradients vrithin the thermometer 
ivseii ivno a tnnerent type oi analysis must be used to determine the 
temperature -.-adation vith time. The interested reader should 
consult Sef. 12] for more information on this s^ihiect. 


S-8 THERMOCOUPLE COMPENSATION 

Suppose a thermocouple is used to measure a transient temperature 
vBiiatiom The response of the thermocouple nil] be dependent on 
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se^•e^al f5ctors as outlined »ho\T s>jJ will follow a varijifion like tliiii 
of Eq. (S-36) when subiectcd to a «(op chsitip* Jn eiwinujment 
temperature- If a coinpensaitnp rV» trie iietnwX m npplttsl to the 
system, it is possible to inerca-^' 'lie frequeiwy respoiw nf the 
thermoeouple. The disadi-antagt' of the rompimnltng iteln-ork U 
that it reduces the (fiermocouptc output , however, if the mcft»v»ing 
instrument is sufficiently sensitive thw problem ia not too crilical. 

A tyTiical thermocouple-cenipeu’oiion network is shown in 
Fig 8-30. The thermocouple tupm \wllaReisfeprcscnleiIliyA'„atid 
the output voltage is rcprc'cntt'd h\ E# This particular network 
will attenuate low frequencies more than high frequencies, and has 
a frequency response to a step input which is Approvimatcly opposite 
to that of ft thermocouple The network and thcrntot'ouple may 
thus be used in combination to prwluco a /Int response over a wider 
frequency range. The output re<pnn«c of the network is given liy 


Ex * 1 + ajvr 
where 


(M8) 


« * frequency of the input signal 

The amplitude response is given by the absolute value of the func- 
tion in Eq (8-38). Thus, 


[J2 

\^* /*nv^inii Aid' 


(I). 


L + tfV* (8-39) 

I + a»uV’ 

The high-frequency compensation of f he network is improv^ a* the 
value of « is decreased, but this bnnr » decreased output 

flnee tiie eieady-statc output is 

ft (WO) 

■ ft -b ft. ~ ® 


tt< 
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In practice, the coinpeneating circuit in usually designed so that r is 
equal to I ho time constant for the thermocouple. Variable rc.sislors 
may be tised to change the compensation with a change in (hcrmal 
environment conditions. 


Exompio 8-10 

A thermocouple head has the approximate shape of a sphere in. in 
diameter. 'I'lie propcrtic.s may he taken as those of iron (p «= ‘190 lh„/ft’, 
c «= 0.1! Btu/lh„-'’r). Supi)osc such a head is exposed to a convcelion 
environment where /i •= 16 niu/(lir)(ft’)(°F). Estimate the time constant 
for the thermocouple. 

Solution. We use Eq. (8-37) to calculalo the time constant with 

m pV parrr’ 

A ‘Irrr’ 


so that 


(490)(0.11) 

(3)(16)(32)(12) 

”11.2 sec 


3.12 X 10-> hr 


Example 8-11 

Design a thermocouple-compensation network like that shown in 
Fig. 8-30 having a steady-state attenuation of a factor of 10. Let the net- 
work have the .same time constant ns the thermocouple head in fi.vamnic 
8 - 10 . 


Solution, Wo take 

r - r= n.2 

We must arhitrarily choo.se a value for one of the resistances. Ixst »ia choose 
a value of R, which will make C a reasonable number. Take 

It, ” 1 megohm “ 10" ohms 

T hen C c= -jQ-,' ” 1.12 X 10 * «= 11.2 pf. Using the above value of R, we 



T)i« maHummfit af 


obtain 

« = 1 11 X 10‘olims 
A more practical set of values wcfiM 
C * lO/if 

fl, ® 1.12 megohms 
fl = 0 124 megohm 


3-9 HIGH-SPEED TEMPERATURE 
MEASUREMENTS 


The measurements of temperatorM in tigh-'peM ga*-flow strea^ 
are sometimes difficult becanje of the fact that a ‘tationsfy pm 
must measure the temperature of the «« which w brought lorr* 
the probe surface As the gas Telocity uredo^ ‘o 
energy is converted to thermaUQerS74='l«’^^.'’’!^^«*'' li,7!p,*,iii 
temperature H the gee le bruugM W .d.ehet, rally, th- --’.11- 

ing stagnation temperature is pven by 


5 '* - r. + 


(Ml) 




where 
Te - 


stagnation temperature 
tree-stream or stattc lemperato.e 
flow velocity , . 

constant-pressure specific hca ® 


The staguat.™ temperature of the e-. m«y «'«> >"• 
terms of the Mach number as 


= 1+3 




fM2) 


, , 4 fo, air. An lO'-pe'-tion of 

where y ^ c,/c, and has a value . , 4 .n,f,erfl!»re j? 

Eqs (Ml) and (M2) /or )ow-epecd flow 

substantially the same as the «W|> ^ vrlo''!*)' rd 

The difference in these icmperi* urea 

226 ft/sec in air. Inserlwl »• » high-epccd f-o* 

For the actual case of a prolH* 


m 


high-epcc'l flow 
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Stainless steel holder - 


Seal^ Supports ^ 


Seal^ aupponv 


Shield 



6mra 


Venthole ^ ^Thermocouple 

Fig. S-31. A high-speed temperature probe according to Winkler 1131. 


stream, the temperature indicated by the probe will noi, in general, 
be equal to the stagnation temperature given by Eq. (8-41). The 
actual temperature is called the recovery iemperainre and is strongly 
dependent on the probe configuration. The recovery factor is defined 

by 


r = 



(8-43) 


where T, is the recovery temperature. In practice, the recovery 
factor must be determined from a calibration of the probe at different 
flow conditions. It is usually in the range 0.75 < r < 0.99. One 
of the important objectives of a probe design is to achieve a configura- 
tion which produces a nearly constant recovery factor over a wide 
range of flow velocities. 

A typical high-speed temperature probe is shown in Fig. 8-31 
according to Winkler [13]. The gas stream enters the front of the 
probe and is diffused to a lower velocity in the enclosing shield 
arrangement. The flow subsequently leaves the probe through the 
side ventholes. The shield also serves to reduce radiation losses 
from the thermocouple-sensing element. The recovery factor for 
this probe is essentially 1.0. 


S-10 SUMMARY 

A summary of the range and application of the various temperature- 
measurement devices is given in Table 8-6. It will be noted that 
many of the devices overlap in their range of application. Thus, 
the selection of a device for use in a particular application is often a 
matter of preference. In many cases, the selection is based on a 
consideration of the type of readout equipment which is already 
available at the installation where the device is to be used. 
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PROBLEMS 

8-1 Calculate the temperature at -which the Fahrenheit and centi- 
grade scales coincide. 

8-2 A certain mercurj'-in-gla^ thermometer has been calibrated 
for a prescribed immeraon depth. The thermometer is 
immersed too much, such that the extra depth is equal to a 
distance of 10® on the scale. The true temperature reading 
maj’ be calculated with 

= Find - O.OOOOS8 (■Ti.d - 
■where 

Tied = indicated temperatrire 

= ambient temperature of the exposed stem 
D = extra immeraon depth of the thermometer past 
the correct mark 

Calculate the thermometer error for an indicated temperature 
of 210°F and an ambient temperature of 70®F. 

8-3 The bimetallic strip material of Example 8-1 is to be used in 
an on-off temperature-control device which -will operate at a 
nominal temperature of 200®F. Calculate the deflection at 
the end of a 4-in. strip for deviations of ± 1 and 2°F from the 
nominal temperature. 

84 Suppose the bimetallic strip in Prob. 8-3 is used to indicate 
temperatures of 150, 200, and 300®F. The tip of the strip is 
connected to an appropriate mechanism -which amplifies the 
deflection so that it may be read accurately. The uncer- 
tainty in the length of the strip is iO.Ol in., and the uncer- 
tainty in the thickness of each material is ±0.0002 in. The 
perpendicular deflection from the 100°F position is taken as an 
indication of the temperature. Calculate the uncertainty in 
each of the above temperatures, assuming zero uncertainty in 
ail the material properties; i.e., calculate the uncertainty in 
the deflection at each of these temperatures. 

8-5 A bimetallic strip of yellow brass and :Monel 400 is bonded at 
120°F. The thickness of the yellow brass is 0.014 ± 0.0002 
in., and the thickness of the Monel is 0.010 ± 0.0001 in. The 
length of the strip is 5 in. Calculate the deflection sensitivitv 
defined as the deflection per degree Fahrenheit temperature 
difference. Estimate the uneertainh* in this deflection 
sensiti-cit}'. 

8-6 The specific volume of mercurj- is given bj' the relation 
r = ro(l + uF -5- bT') 
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where T is in *C and 
a •= 0.1818 X 10-‘ 

6 « 0 0078 X 10-* 
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A high-lemperature theirnometer is constructed of ^ Monel- 
400 tube hai-ing an inside diameter of 0.032 ± 0 0002 in. 
After (he inside is evacuated, mercury is placed on the inside 
such that a column height of 4 00 ± 0.01 in. is achieved when 
the thermometer temperature is 500*F. If the tube is to be 
used for a temperature measurement, calculate the uncer- 
tainty at 500’F if the uncertainty m the height measurement 
is ±001 m. 

8-7 A fluid-expansion thermometer uses liquid Freon ((7 ■■ 0 22 
Btu/lb«-®F, p “ 85.2 lb«/ft*) enclosed in a 0 25 in -ID copper 
(C = 0 092, p *■ 560) cylinder with a wall thickness of 0 032 in 
The thermometer is exposed to a crossflow of air at 400*F, 15 
psia, and 20 ft/aee. Estimate the time constant for such a 
thermometer. Neglect all effects of the capillary tube. 
Repeat for a crossflow of liquid water at 180*F and 20 ft/sec 
Recalculate the time constant for both of these situations for 
a atamless-steel bulb (C « 0 11, p « 490). 

8-8 It is desired to measure a temperature differential of 5*F using 
copper-constantan thermocouples at a temperature level of 
200*F. A millivolt recorder is available for the emf measure- 
ment which has an uncertunty of 0004 mv. Precision 
thermocouple wire is available which may be assumed to 
match the characteristics m Table 8-3 exactly How many 
junction pairs in a thermopile must be used in order that the 
uncertainty in the temperature differential measurement 
does not exceed 005*F? Neglect all errors due to heat 
transfer. 

8-9 A thermopile of chromel-alumel with four junction pairs is 
used to measure a differential temperature of 4 0°F at a tem- 
perature level of 400®F. The sensitivity of the thermocouple 
wire is found to match that in Table 8-3 within ±0 5 percent, 
and the millivolt potentiometer has an uncertainty of 0.002 mv 
Calculate the uncertainty in the differential temperature 
measurement. 

8-10 For a certain thermistor, 0 « 3420*K, and the resistance at 
200*F IS known to be 1,010 ± 3 ohms The thermistor is used 
for a lemperature measurement, and the resistance is measured 
as 2,315 ± 4 ohms. Calculate the temperature and the 
uncertainty. 
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8-11 Calralate Ite Icermoelectric seiisti-ritr fox iron-ccasiantaa 
snd coppsr-corstantsn at O'C. Plot fee error -s-iurh xro-alD 
result if these Tshres vrere sssuTr.ed constant over lae teropers- 
ture range troni —50 to -r&03’F. 

S-12 A chromehaluroel thermocouple is eroosed to a temperature of 
1550'F. The poteatiometer is used as the cold junction, and 
its temperature is ^mated to be S3=F- Calculate the emf 
indicated by the potentiometer. 

8-13 Four ironrconstantan thermocouple juuctious are connected 
in series. The temperatures ol the four juncuons are 203. 
SIX), lOOj aisd 32'F. Calculate the emf indicated by a 
potentiometer, 

8-1' Amillirolt recorderisaTailahleuithstotalrangeof Oto iOrsr 
and an accuracy of d:0.25 percent of full scale. Calculate the 
corresponding temperature ranges for use trith iron-con- 
stantan, copper-constantan, and chromel-alumel thermo- 
couples. and indicate the temperature scctinscies for each of 
these thermocouples, 

8-15 When a material nith spectral emisuvity less than unity is 
Tterred mith an optical pyrometer, the apparent temperature 
tcill be somerrhat less than the true Temperature and trill 
depend on the n-aYelength at trhich the measurements are 
msda Tns error is ^ren by 


" In (l/c,)j - 1 

trhere 

r = true temperature, Tt 
Te = apparent temperature, 'B 
fi — spectra] emisavitj- st the particular value of X 
C; — constant from Bq. (8-12) 

For a measureinent at 0.655 i: and an apparent temperature 
of 2400* F, plot the error as a function of a. 

8-16 A radiant energy measurement is mace to determine the tem- 
perature ox a hot block of metal. The emitted energy from 
the ratface of the metal is measured as 5010 i SO Btu /(hr) (n:=) 
and the surface emisHvity is estimated as e = 0.90 ± 0-05. 
Calculate the sansce femperature of the metal, and estimate 
the uncertainty. 

8-17 .A radiometer K used to measure the radiant energy Sun from a 
materia! having a temperature of 542 ± 1.0'F. The emis- 
avity of the materia! is 0.95 ± 0.03. Tae radiometer is then 
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ii«od to view a srroml mairnsl ha\':nc e^artly the «amc 
crometnr f^Uape and oricntMion u tht fir^l mftltrial and an 
cinivivitj of 0 72 + 0 0*> The uneerfainty in the radiant 
energy flux mor.'iiromrnt ±40 BtH/(hr)(fl*) for both mea.*- 
iiremcnts, and the «crnnd mca^urrment le 2 23 limea as large 
as the first m^asiirpinent Calculate the tcntpcrntiire of the 
sc(ond material and the une€rtainl3' 

8-18 Consider the thermometer-shield arrangement shown in Fig. 
8-28 Assuming that the shield area is very large compared 
with the thermometer area and that all radiation leaving the 
thermometer is intereeptod by the shield, calculate the true 
gas tcmpeiature u<\ng the following data 

h, « 2 0Bt«/(br)(fC)CF) 
h. « 1 5Btu/Chr)(ft»)Cn 
*1 » 08 
« 02 

Ti - ROOT 
T, •* 100*F 

(It IS assumed from the statement of the problem that 
Fj. - 1.0. F., - 1.0, aud Fi, "sO) SVhat temperature 
would the thermometer indicate if the shield siere removed? 
Calculate the error reduction owing to the use of the radiation 
shield 

8-19 Rework Frob. 8-J8 assuming that A./ A, •= 100 and that the 
radiation shape factors arc pven ivs Fi, - 0.9, Fi, •» 0 1, and 
F„ = l.l (recall the assumption pertaining to F„) 

8-20 A platinum resistance thermometer is placed in n duct to meas- 
ure the temperature of an airflow stream. The thermometer 
IS placed inside a cylindrical shell 0.25 m. m diameter which 
has n polished outside surface with « OOS ± 0 02. The 
airstre.sm velocity is know n to be 10 fl/see, and the pressure is 
1 4 7 psia The I hermometer mdirates a temperature of 240“F 
The duel wall temperature is measured at 380*F Calculate 
the true air temperature, and estimate the uncertainty in this 
temperature. As.*unic that the uncertainty' m the convec- 
tion henl-transfcr eocflicient calculated with the appropriate 
formula from Table 8-5 is ±15 percent Assume that the 
uncertainty in the resistance-thermometer measurement is 
+ 005*F. 

8-21 Repeat Trob &-20, but assume that the ^dindcr is a chrome- 
plated copper rod with a thermocouple embedded in the sur- 
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face. The tincertainty in the thermocouple measurement is 
assumed to be i0.o°F. 

8-22 A small copper sphere is constructed irith a thermocouple 
embedded in the center and is used to measure the air tem- 
perature in an oven. The vralls of the oven are at 1200 ± 
20°F. The emissivity of the copper surface is O.o7 ± 0.04, 
and the temperature indicated by the thermocouple is 
1015 ± 1.0°F. The convection heat-transfer coeScient is 
5.0 Btu/(hr)(ft=)(°F) ± 15 percent. Calculate the true air 
temperature and the uncertainty. Calculate the true air 
temperature if the surface of the sphere had been chrome- 
plated nith t = 0.06 ± 0.02. Estimate the uncertainty in 
this circumstance. 

8-23 The thermocouple -wires in Example S-5 ate coated -with an 
insulation material having a thickness of 0.003 in. and a ther- 
mal conducthity of 0.1 Btu/(hr)(ft)('’F). Calculate the true 
plate temperature, assuming the other conditions are the same 
as in the e-vample. 

8-2A k constantan strip is heated by the gas stream on one 
side and cooled on the other side as sho-nn. Tmo bare 0.004- 
in.-diam copper mires are attached to the strip to indicate the 
temperature difference in the transverse direction. A 
potentiometer indicates 0.15 ± 0.001 mv, and the sensitivity 
of copper constantan may be taken as 0.0279 ± O.OQOl mv 
°F-h Estimates of the significant heat-transfer parameters 
are as foUoms: 

ft I = 3.5 Btu/{hr)(ft')CF) 
ft; = 2. 5 Btu/(hr)(ft-)(=F) 
ftr. = 15 Btu/(hr)(ft-)CF) 
ft., = 10 Bfu/(hr)(ft-)CF) 
ftru = 220 Btu/(hr)(ft)(=F) 

K,:. = 14 Btu/{hr){ft){=F) 

Calculate the true temperature difference, and estimate the 
uncertainty. 
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8-?5 Calculate the time conetant forlhecoppcr-rod ihermomefcrof 
Prob 8 - 21 . Con<idcr only the cont'ectlon bent trsnafer from 
the pai in calculating this value. 

S-?S A thertnocouplc n placed iii*jde a 4-in.»OD, ^in -JD copper 
tube The tube i* ther» placed inndc * furnace tihov svalN 
are at 1500’ P The ajr temperature in the furnace is 
1200°P Calculate the temperature indicated by the thermo- 
couple, and estimate the timer to obtain 


where 

T, = initial temperature of the thermocouple before it is 
placed in the furnace 

Ti » indicated temperature after a long time 
T • temperature at timer 


Assume « » 0 78 for copper 

8-27 A certain thermocouple hsa a time constant of 1 2 see 
Design a compensation network like that ehown in Fig 8*30 
having a eteady^staie attenuation factor of 8 Select the 
value of the resistance so that the capacitor has an even 
multiple value 

8-28 A certain high-speed temperature probe hanng a recovery 
factor of 0 08 ± 0 01 is used to measure the temperature of 
sir at Mach 3 00. The thermocouple installed in the probe 
IS accurate within ±2.0*F and indicates a temperature of 
715*F Calculate the frec-stream temperature and the 
uncertainty. 
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chapter 9 


Thermal- and fransport- 
properly measurements 


9-1 INTRODUCTION 

Several typo^ of thermal properties are essential for energ>' balance 
caleula(tonsuiheaf-(ran«ferapphca(ions Valuesof(he«epropertJe« 
for 8 variety of substances and materials arc alreadv available in 
(abularfornt in various handbook.sjhones'cr. tl" '"ofenals 
which appear rcpilarly, it is important that 'he eiigtti« *-r be familiar 
with name basic methods of tnoistiring thc-f properiies 

Most thermal-property measurements iinohr a determination 
of heat flott* and temperature Wc has'e already dis' u«sed several 
types of temperature-measurinR devices in Chap 8 and shall have 
occasion to refer to them from time to time m discu*sing thermal, 
property measurements Heat flow is ususHv measured by making 
an energy balance on the device under consideration For example, 
a metal plate might be heated with an elertnc heater and the plate 
immersed in a tank of water during this heating process The eon- 
veclion heat loss from the plate could thus be determined by making 
a measurement of the electnc power dissipated in the heater As 
another example, consider the healing of water by passing it through 
a heated pipe. The convection he.st transfer from the pipe walJ to 
the water may be determined hv measuring the mass flow rate cf 
water and the inlet and exit water temperatures to the heated se<‘ 
tion of pipe The energy gamed by the water is therefore tie 
transfer from the pipe, pronded thst the outside surface of ther^ 
is ihsufaferf so fiiaf no fbsses are meurred’, Tfie fecdunfsf^'^ 
measurement of heat transfer bi thermal radiation are * 

detail in Chap 12. 

Thermal conductmty maj* be classified as a traii^'f*^ '* 
since it is ind/csfire of the energy transport in a fljaf 
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gnscs and liquids the transport of energy takes place by molecular 
motion, while in solids transport of energy by free oloc(roi\s and 
lattice vibration is important,. Fluid viscosity is also classified as a 
transport property because it. is dependent, on the momentum trans- 
port, which results from molecular motion in the fluid. Mass diffu- 
sion is .similarly classified as a transport process because it results 
from molecular movement. The diffusion coeflieient is the trans- 
port property in this ease. In this chapter we shall consider some 
simple methods for measurement, of these trattsport properties. 

The measurement of heat flow falls under the general subject, of 
calorimetry. In this chapter we shall discuss some simple calori- 
metric determinations which may be performed. The broad sub- 
ject of thermodynamic-property measuromcnt is bcyoi\d the scope 
of o\ir discussion. 


9-2 THERMAL-CONDUCTIVITY 
MEASUREMENTS 


Thermal conductivity is defined by the Fourier equation 

r)T 

Tx 


where 

q, heat-transfer rate 

A - area through which the heat is transferred 
iiT/ilx Icmpcrnlure gradient in (he direction of the heat 
transfer 

Experimental determinations of t.hcrmal conductivity are based on 
this relationship. Consider the thin slab of materia! .shown in Fig. 
9-1. If the heat-transfer rate through the material, the material 
thickness, and the diflercncc in temperature are measured, then the 



Flfi. 9-1. Simple thermal-conductivity measurement. 
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FI*-#-2. S«h»m*llc of ptartltd hot-^latt op* 
l»*/»fu# for mwuftmmt of fhmnof 
condutflvlljr. 


thcrmaJ conduffiwty ma 3 ’ be rafeu/afed from 
I 9^ 

*■ “ ^cr, - r,) 

Jn an expawmental aetup fha heat may beauppbed ta one side ol (hr 
slab by an electric healer and removed from the other side by a cooled 
plate. The temperatures on each aide of the slab may Iw meatured 
with thermocouples or thermistora, whichever is more appropriate, 
The msinprolilem of the above method for determining thermal 
conductivity is that heat may evape from the cd^es of the slab, or 
if the edges are covered Mnlh insulation, a tno-dimensional tempera' 
ture profile may result which can cause an error in the determination 
This problem may he alleviated by the installation of guard heaters, 
as shown in Fig 9-2 In this arrangement the healer is placed m (he 
center and a slab of therpecimen is placed on each side of the heater 
plate. A coolant is circulated through the device to remove the 
energy, and thermocouples are installed at appropriate places to 
measure the temperatures A guard heater surrounds the mam 
heater, and its temperature is manilained at (hat of the mam heater 
This prevents heal transfer out from the edges of the speeimen and 
thus maintains a one-dimcnsionsl heat transfer through the mate- 
rial whose thermal conductivity is to be determined The guarded 
hot plate, as it is called, is widely' usid for determining the thermal 
conductisTty of nonmctals, i c , solids of rather low thermal con- 
ductivity. For matenals of high thermal conductivity a small 
temperature difference would be encountered which would require 
much more precise temperature mcasurcnient 

A verj’ simple method for the measurement of thernisJ conduc- 
tivities of metals is depicted in Fig. 9-3 A metal rod A of known 
thermal conductivity is connected to a rod of the metal B whose 
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ng. 9-3. Apparatus for measurement 
of thermal conductivity of 
metals. 


Ihormal conductivity ifi to be rncasured, A heal source and heat sink 
are connected to the ends of the composite rod, and tiie assembly 
is surrounded by insulatinf? material to minimize heat loss to the 
surroundings and U> ensure one-dimensional heat flow through the 
rod, Thermocouples arc attached, or embedded, in both the known 
and unknov,'n materials as shown. If the temperaluro gradient 
through the known material is measured, the heat flow may ho deter- 
mined. This heat flov/ is subsequently used to calculate the thermal 
conductivity of the^nown material. Thus, 



The temperatures may be measured at various locations along the 
unknown and the variation of thermal conductivity with tempera- 
ture determined from these measurements. Van Dusen and 
Shelton (G] have used this method for the deU;rminafion of thermal 
conductivities of metals up to G00'’C. 


Example 9-1 

A guarded hot-pIatc apparatus is used to measure the thermal con- 
ductivity of a rnota! having k « .W lUu/(hr)(ft){“F). The thickness of the 
specimen is 0.12.'; ± 0.002 in., and the heat flux m,ay be measured within 
] percent. Calculate the accuracy necessary on the A7’ measurement in 


2S2 
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order to ensure an overaJJ unfc»fa»oty In rtemeajnirenientof tofSpercrnt. 
1/ one of the piate temperalurM w nomioalljr 300*r, csleulate the nominal 
value of the other plate Icmperaluw and the tolerable uncertainty in 
each temperature mevurcraent, assuming a nominal heat flux of 20,000 
Btu/(br)(ft«) 

Sofohon We use £<5 (9-2) to estimate the uncertainty tn conjunction 
with Eq (3-2) 


Equation (3-2) may be written aa 

We have 


f 

dk At Vju OOlq/^fAr) ^ 001 AT 

d{^/A) "‘at k “ {q/A)At * At 

Si e/A tCi, (0.002) Af 

5^“ AT k “ (q/A){0 IW) 

ek (<}/A) At War War^T 

d(AT} *■ *“ (AT)' k' “ (9 M)Ax 

Inserting the<ie expressions in Eq gives 

0 03 - [(0 01)> + (0 002/0,125)’ +(j|r’)’]' 
or Vir/AT = 0 0146 *• 1 46 percent. 

We now calculate (he nominal value of AT as 

- I (12)(50) 

Since AT •• Ti ~ Ti, the nominal sahie of 7*i Is 
r. ® 300 + 4 1667 ^ 3W 1667*F 

The tolerable uncertainty in each temperature mca-uren'rC i- ■ i.'t l* 
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from 

[f d^AT) txrA^ , / 5(AT) ii'r, y]> 

AT ~ L\ er, at) V ar- at) J 

iTir = {’.rrr + 

and we assume the uncertainties are the same for both temperatures so that 

try = — ^ rriT = 0.707 WiT 
\/2 

VT = (0.707)(0.0146){4.1667) = d:0.04S=F 

Wc thus sec th.at a verj’ accurate measurement of temperature is necessary 
in order to give only a 5 percent accuracy in the determination of k. 


Example 9-2 

An apparatus like th.at in Fig. 9-3 is used to measure the thermal con- 
ducti\ity of the met.al of Example 9-1. The same heat flux is used with a 
b.ar 3.0 ± 0.005 in. long. Determine the accuracy necessary for the deter- 
mination of A7’ and the tolerable uncertainty in the temperature measure- 
ments. Assume the same conditions as in Example 9-1 . 

Solution. For a 5 percent uncertainty in k the uncertainty in AT is 
given as 

0 . 05 - [ ( 0 , 01 ). + (2|25y + 

^ = 0.049 = 4.9<rc 


The nominal value of AT is given as 


AT = 


(2 X 10*) (3) 
(12) (50) 


= lOOT 


The allowable uncertainty in the detenninaticn of the temperatures is 
•J-T = ~ iCir = (0.707) (0.049) (103) = ±3.45'F 

V2 


This value is very casj- to obtain. Even if the heat fltLx were reduced to 
2 X 10’ Btu/{hr)(ft’), the nominal temperature difference would be lO'F 
and the allowable uncertainty would be ±0.346°F. This is still a value 
which may be attained with careful experimental techniques. 
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9-3 THERMAL CONDUCTIVITY 
OF LI QUIDS AND GASES 

Kaye and Higgms (3! h8%-e u«cd a guarded hot-p!atc fn»'Ujod for 
determining thermal condiirtivity of liquids ‘nior apparatus is 
shown in Fig 9-1 The diameter of the plates is ."i rm, and the 
thickness of the liquid layer is approsini'itely 0 0 1 cm. Thisltt}er 
must be sufficiently thin so that ronfcction rurrents are mlnmiized 
An annular arrangement as shown in Rg O-.*} may aJ«o be uvd for 
the determination of liquid thermal eonductivilies Again, the 
thickness of the liquid layer must be thin nioiigh to mtniinire 
thermal-convccfion currents 

A concentric-cylifider arrangenicnt may aJw be K«ed for the 
measurement of the thermal rondorlivity of gases Keyes and 
Sandell (4l have used ruch a device for the mcasiireinent of thermal 
conductivity of water vapor, oxjgeii, nitrogen, and other gases 
The inner tvnd outer eylmdcrs were both constnicted of sih rr « iih a 
lengthofSm and an outside diameter of H in The pip spare /or 
the gas was 0.02') in Vines (7| has ulilaetl such a devne for ihe 
measurement of hiph*fenipera(ure gas thermal condui tnitics A 
schematic of his apparatus is shown in I'lg P-6 The emitter serves 
as the heat source, while the heat stations on either end na asguanl 
heaters. The emitter has an outside diameter of 6 mm and a letipth 
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Thermocouples 
or thermistois 



Fig. 9-5. Concentric-cylinder method for 
measurement of thermal conduc- 
tivity of liquids. 


Heat station 


Theiniocouples 


Hentstation 


Emitter loads 
(current and potential) 



Leads to heat 
station winding 


Fig. 9-G. Apparatus for determining thermal 
conductivity of gases at high tem- 
peratures according to Vines P). 
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of 50 mm, while the receiver has an in«ide diameter of 10 mm and a 
length of 12.5 mm nitli a wall ihickne^ of I mnu For mo«t. of the 
tests it was povlblc to maintain a temperature difference of .5 to 
10®C between the emitter and the reeeiscr The heat-transfer rate 
is measured by determining the clectrie-power input to the emitter, 
while thermocouples installed on the Piirfare of the emitter and 
receiver determine the temperature difference 

For the concentrie-cylindcr device the relation which is used to 
calculate the thermal conductivity is 


L _ ? In (r,/ri) 
2TL(r, - T,) 


(0-t) 


where 

q ■! heat-transfer rate 

n, Ti B outside and inside radii of the annular space contain- 
ing the fluid respectively 
?!, T\ m temperatures measured at these radii 

An investigation by Leidenfrost (8J proposes an apparatus for meas- 
uring thermal conductivities of ga.«es and liquids from —180 to 
+50b*C. Complete esperimental data arc not available, but accu- 
racies of 0 1 percent arc claimed for the device. 

Thermal conduetmties of scs-eral materials are given in tin- 
appendix. 


9-4 MEASUREMENT OF VISCOSITY 

The defining equation for dynamic or ab^olult pi»C(?#ify is 



where 

T « shear stress between fluid layers m laminar flow 
n •* \'iscosity 

du/dy » normal velocity gradient as indicated in Fig 9-7 

Various methods are employed for measurement of the \n«co«ity. 
The two most common methods are the rotating concent ric-cylindcr* 
method and the cnpillary-flow method We shall discuss tbs 
rotating-eylinder method first 
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Fig. 9*7. Diagram IntSIcatlng relation of 
viscosity to velocity gradient 
and fluid shear. 


Consider the parallel plates as sho^rti in Fig. 9-S. One plate 
is stationarj-, and the other moves -with ronstant velocity n. The 
velocity profile for the fluid betvreen the two plates is a straight 
line, and the velocity gradient is 


— — li 
d.v ~ & 


(9*6) 


The system could be used to measure the viscosity by me.asuring the 
force required to maintain the motnng plate at the constant velocity 
ti. The system is impractical from a construction standpoint, hovr- 
ever, and the conventional approach is to approximate the parallel 
flat-plate situation tvith the rotating concentric cylinders shotrnin 
Fig. 9-9. The inner cylinder is stationary and attached to an 
appropriate torque-measuring device, while the outer cylinder is 
driven at .a constant angular velocity u'. If the annular space o is 
sufuciently small in comparison with the radius of the inner cylinder, 
then the rotating-cylinder arrangement approximates the parallel- 
plate situation and the velocity profile in the gap sp.ace may be 
assumed to be linear. Then, 


du r;iJ 
dy b 


(9-7) 



Fig. 9-S. Velocity distribution between large parallel plates. 
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FIf. 9.9. Rotatini eoncefrtrle-cyifntfer apparatus far 
measurement «f vlseusity. 





where, now, the y di«tance taken in the radial direction and it 11 
asautned that 6 « r, Now. if the tornue T is measured the fluid 
shear stress 11 expressed by 



where L is the length of the cylinder The \i«co«ity is determined 
by combination of Eqs (9-5), (0-7), and (9-S) to pve 


Tb 

2Tri*riLui 


m) 


If the concentnc-cylinder arrangement is constructed such that the 
gap space a is small, then the bottom disk will also contnhute to 
the torque and influence the calculation of the viscosity The 
torque on the bottom disk is 


(^ 10 ) 

where a is the gap sparing, as shown in Pig 9-9 Combining the 
torques due to the bottom disk and the annular space gives 
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1 

L 


■i 



Fig. 9-10. Laminar Wow through a capIKary tube. 


Once the torque, angular velocity, and dimensions are measured, the 
viscosit 3 '‘ may be calculated from Eq. (9-11). 

Perhaps the most common method of viscosity measurement 
consists of a measurement of the pressure drop in laminar flow 
through a capillary tube. Consider the tube cross section shown in 
Fig. 9-10. If the Reynolds number defined by 


Rci = 


pu„cl 


(9-12) 


is less than 1,000, laminar flow will exist in the tube and the familiar 
parabolic-velocity profile will be experienced as showm. If the fluid 
is incompressible and the flow is steady, it can be shown that the 
volume rate of flow Q can be written as 


Q = 


- Pz) 
8|iL 


(9-13) 


A viscosity determination may be made by measuring the volume 
rate of flow' and pressure drop for flow in such a tube. To ensure 
that laminar flow will exist, a small-diameter capillary tube is used; 
the small diameter reduces the Reynolds number as calculated from 
Eq. (9-12). In Eq. (9-12) the product pi(„ may be calculated from 


where rh is the mass rate of flow. 

n-i-f measurement is made on a gas, the compressi- 

^"^«5ting expres- 
sion for the mass flow of the gas under laminar flow conditioL in the 
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capillary is 


WijRT 

where is the gas constant for the particular gix. 

Care must be taXcn to ensure that the flow in the fsp.lJsrj* i« 
fully developed, i.e., the parahohc-velodty profile has been established 
This means that the pressure measurements sliould be taVen far 
enough downstream from the entrance of the tube to cn«ure that 
developed flow conditions persist It maybeexpeejed that the flow 
will be fully developed when 

Z. ^ (0-161 

3 ^ 8 

where L is the distance from the entrance of the tube. 

The Saybolt vi'to<imcter is an industriaJ dewe »hjch uses 
the capillary-tube pnnn pie for measurement of viscosities of liquid*. 
A schematic of the device Is shown in Fig. Ml. A cylinder is 
filled to the top with the liquid and enclosed in a conslant-tcm- 
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perature bath to ensure uniformity of temperature during the meas- 
urements. The liquid is then allowed to drain from the bottom 
through the short capillary tube. The time necessary for 60 cc to 
drain is recorded, and this time is taken as indicative of the viscosity 
of the liquid. Since the capillary tube is short, a fully developed 
laminar velocity profile is not established and it is necessary to 
apply a correction to account for the actual profile. If the velocity 
profile were fully developed, the kinematic viscosity would vary 
directly with the time for drainage, i.e., 

V = - = Cjt 
P 

To correct for the nonuniform velocity profile, another term is 
added to give 


With the constants inserted the relation is 

r = ^0.002371 - X 10-’ ft Vsec (9-17) 

The symbol t designates the drainage time in seconds for 60 cc of 
liquid, and it is common to express the viscosity in units of SayboU 
seconds when this method of measurement is used. Equation (9-17) 
provides a method of converting to more explicit units for kinematic 
viscosity. Viscosities for several fluids are given in the Appendix. 


Example 9-3 

A Saybolt viscosimeter is used to measure the viscosity of a certain 
motor oil. The time recorded for drainage of 60 cc is estimated at 1S3 + 0.5 
sec. Calculate the percentage uncertainty in the nscosity. 

Solution. Equation (3-2) is used in conjunction with Eq. (9-17) to 
estimate the uncertainty. We have 
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I = c. - I* = (0.00237 -h X 10- 
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so that the uncertamty in Ihe »i«eo'iljr n mtea as 

w. w, 

= (o 00237 + (10-*)f0 5) ftVw 

The nominal value of the visco^lv is 
r = (000237/ - lCr» fiVeet 


At / = 183 see 

te, » 1 21 X 10-* ft*/«c 
e •= -4 22 X 10-* ftVsec 

«o that tB,/v - 2 87 X lO" - 0^7 percent 


9>S GAS DIFFUSION 


Consider a container of a certain gas (2) *1 shown m Tig M2 At 
one end of the container another ga« (1) iiilrodoffd and allowed 
to diffuse into gai (2) The diffusion rate of ga» (1) at any instant 
of time IS given by Kick's Ian of diffusion a« 


~Dt,A 




19-18) 


where n, 1 , Ihe reolal rate o( d.lIwMW. ^ •' the erevi-.eel,oe.l .tea 
tot ditTowon, ft, f the moU roncentration of component 1 .t .n> 
point, and £)„ le deSned m the dtfftieion coeffierent It m.v bo 
noted that Eq (S-18) tt einiilat to Ihe Fooner late lot heat condue- 
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duction. When a mass balance is made on an element, the one- 
dimensional diffusion equation results. 

_ n (9-19) 

A solution to this equation may be used as the basis for an experi- 
mental determination of the diffusion coefficient Du. 

A simple experimental setup for the measurement of gas- 
diffusion coefficients is shown in Fig. 9-13. Two sections of glass 
tubing are connected by a flexible Tygon tubing connection which 
may be clamped as shown. The sections of tubing are charged 
with the two gases whose dilTu.sion characteristics are to be investi- 
gated. After the initial charging process, the flexible connection 
is opened and the trvo gase.®; are allowed to diffuse into one another. 
After a period of time the Tygon connection is closed again, the 
exact time recorded, and the two sections allowed to reach equi- 
librium concentrations. These equilibrium concentrations are then 
measured with appropriate analytical equipment . It is only neces- 
sary to measure the concentration of one of the gases in both sec- 
tions since the concentration of the other gas will be obtained from 
a mole balance. However, mea.suring both gives a check and infor- 
mation about the accuracy of the experiment. Some check of this 
kind is always very desirable, although not al-ways feasible. 

A solution of Eq. (9-19) gives these concentrations in terms 
of the diffusion coefficient and dimensions of the tubes. Assuming 
that the lower portion is filled nnth gas (1) and the upper portion 
with gas (2) initially, the solution is 


p _ - iViB _ 8 V 1 „ r -v'‘Di4{2k + ly 

NiA + NiB {2k + 1)= [ 4L= 


(9-20) 


where the subscripts A and B refer to the lower and upper sections 
respectively, t is the time the two gases arc allowed to diffuse, and 
L is the length of each tube. Nia. and Nm represent the number 
of moles of component 1 in the lower and upper parts of the appa- 
ratus, respectively, after time i. For an experimental determina- 
tion of Di! the optimum time to be allowed for the diffusion process is 

~ (9-21) 

assuming that the only experimental errors are those involved in the 
determination of F. If the diffusion process is allowed to run for 


294 



Th^rmaJ. tni 





Fig. 9-ii. LwchmWi •pptrttirt for mratiirotnmt of 
tflfftnlcn (offTIcIrnts In {iset. (a) Appara* 
tin; (b) tftUII «f Rtilblf eonnrctlon. 
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or loiiRcr, U is found that the first term in the scries of Eq. 
Cfi-20) is tile primnrj’ term and that the higher order terms are 
negligible. Then, 

F = 0.2982 at i = 

If the second and higher order terms arc neglected, it is easy to 
calculate the v.alue of Hi. once a determination of F and t have been 
made. Keglccting these, higher order terms gives 


F 



4L- 


(9-23) 


or 


D 



(9-24) 


It is neccssarj’ to know only an approximate value for Du in order 
to calculate the value of f^p, from Eq, (9-21). Then, the experi- 
ment is conducted using a diffusion time greater than this value. 
The exact value of Du is then calculated from the experimental 
data using Eq. (9-24). 

The. simple experimental setup shown in Fig. 9-13 is called a 
Loacfimidt apparatus. In the apparatus the heavier gas is usually 
contained in the lower section, while the lighter gas is placed in 
the upper section. Extreme care must be exerted to ensure that 
the system is free of leaks and that each section cont.ains a pure 
component, at the start of the experiment. Care must also he 
exerted to ensure that both gases are initially at the same tempera- 
ture and pressure. The appar-atus should be constructed so that 
the volume of the inlet tubing is negligible in comparison with the 
volume of the main apparatus. While the diffusion process is in 
progress, the temperature of the app.aratus should be mnint.ained 
constant. DlRusion coefficients for several g.ascs are gir’cn in the 
Appendix. 


Example 9-4 

An apparatus like that shown in Fig, &-13 is constructed so that 
h = 50 cm. COs is placed in the lower tube .and air in the upper tube. 
Both gases .are at standard atmospheric pressure .and 77“F. The diffusion 
coefficient for COs in .air is 0.164 cmVsec. C.alcul.ate the mole traction of 
GO. in e.ach tube for (1) 5 min and (2) 2 hr after the connection between 
the tubes is opened. 


2d6 




Sokjficft. Thp mol.< fra^ticni *«• rUcii I \ 

, A’u .Y.. 

*u “ y Tit • Y 

where .V|. h the inittal niimtvr ef innlr^ Jn tn.K tiifv* nu I e ]ii«l i.< \ ,, j 
A''**. Gs 5 } IS the COi in ihia caM>. I’ntm I'lj 


f « r,4 - 


We e&lculste the optimum time m 


L- 

r»(0.I64) 


6,180 eer 


The 5.mla eondition it Mr «hor( ft tbJt *■* Ihet the ecOntt-'.i nt > ,( 
(&-20) must be used to find F Phiit, with l •- 3iMe<«, 


F «»« + '« + I'lr \ 1 

» p (0 W26 + o.orifl + 0 01 m f ) 

• 0.8400 

Using Eq, (a) and 
*14 + tit •• l.O 


gives jr ,4 » 0 52 and xie - 00>l 

For the 3-hr time, i - (2)61,600; - •i-Ut.if »»- f "* '•» 

the senes need tie tfvd Ttii/f, fmm !>/ (0 




Agsin, using E^t («) and (>>) aiv»« 
ri4- 06262 and i,# *■ 


9-6 cALonfMcrnv 

The njbjsrt rd r»h/f}«irtfy U 

CTiefgjr qo*r,(itW 7h*v» /(imuhff** f*f 
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Fig. S-14, Schematic of the Junkers ffowcalorim- 
eter. 


of the thermodjuamic propertie$ of a system, such as enthalpy, 
internal energy-, specific heat, and heating value, or in terms of 
energy flow which results from a transport of mass across the 
boundaries of the thermodynamic system. Calorimetry is a very 
broad subject covering a majority of the experimental determina- 
tions which are used for measurement of thermodynamic proper- 
ties. We shall give an example of calorimetry which shows the 
overall features of energy- and mass balances and their importance; 
this is the flow calorimeter yvhich is used for the measurement of 
heating values of gaseous or liquid fuels. The actual device which 
is usually used for the experiment is called the Junkers calorimeter. 
A schematic of the calorimeter is given in Fig. 9-14. The gaseous 
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fuel is burned inside the calonmcter nherc it gi%e« up hci*. tn t’-o 
cooling water. The water flow rate h determined by weieliins, nnd 
the inlet and outlet water temperature': are inei«ured with pre- 
cision mercury-in-g!ass thermometers a< <liowji The product- cf 
combustion are cooled to a suflicienlly low temperature ro that 
water vapor is condensed Ttus condensate is collected in the 
graduated flask as shown. The gas flow rate is usual!} measured 
with a positive-displacement flowmeter. A detailed description 
of the calorimeter is given by Shoop and Tiive (5J, and the interested 
reader should consult their di''cussioii for procedural information 
We shall discuss the system in a general way and indicate an analy- 
sis which may be performed to detcmiuie the heating lalue of the 
fuel 

The flow schematic for the flow calorimeter is shown in Fig 
9-15. For convenience, all streams entennp the device arc desig- 
nated with the subscript 1, while all stream* leaving th? Jcviee 
are de.signated with the subscript 2. The fuel and air ore huniM 
inside the calorimeter, and the major portion of the he,-!! of com- 
bustion is removed by the cooling water. 

The, following experimental measurements are m.'ide* 1h? inlet 
and exit cooling water temperature* T^, and T»„ the niii«« flow rate 
of fuel «/, the mass flow rate of cooling water m,, the condensate 
temperature T,„ the entering fuel and air temperatures T/, and T,,, 
and the relative humidity of the Inlet air In addition, an analy- 
sis of the products of combustion is made to determine the oxygen, 
carbon dioxide, and carbon monoxide rontent From all these 
data, mass and energy balance® may he made to detcrmiiic I ic 
heating value of the fuel Let us consider the simple ca-e of the 
combustion of methane Cff. Wo write the chemiral Knhncc 
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Fig. 9-15. Flew »th«matl« far ealMlmeter of FIf. S-W. 
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equatioa as 

aCHi a;0; + 3.76 j:N; + &H-0 

-» dCO. + eCO + /O: + ffH-O + 3.76xN2 (9-25) 

An analysis of the products gives the values of d, e, and / for 100 
moles of dry products. The mass balance then becomes 

Carbon 


a = d -h e (9-26) 

Hydrogen 

4a -1- 2b = 2g (9-27) 

Oxygen 

2x-\-h = 2d + e-ir2f + g (9-28) 

Equation (9-26) permits an immediate determination of a. The 
relative humidity of the incoming air <;>i gives a relationship for b as 

(9-29) 

4./6i Pi - 

where is the saturation pressure of water vapor at the inlet air 
temperature and pi is the total pressure of the incoming air-water- 
vapor mixture. We thus have three unknowns (b, g, and x) and 
three equations 1(9-27) to (9-29)} which may be solved for the 
unknowns. With the mass balance now complete an energy bal- 
ance maj' be made to determine the chemical energj^ constant of 
the incoming fuel. We observe that 

ni/, = 16a m„, = 32i + (28)(3.76x) 

m,, = 18b 

The water vapor in the products of combustion is calculated from 

Jfi,, = 18 p - Ac ( 9 - 30 ) 

The energj* balance becomes 
«a(^/, + -E/i) + nuficc + Acjic, — 

= — b,^) (9-31) 


SOO 


Thermal, and transpert-preperty ntaturr^trrtt 


where £/, is designated as the chemical «jei|y of the fuel The 
energy term for the products is ca!culat^ from the energies 
of the individual constituents. Thas, 

= fneot^o, + f»co^co + wio,^ + »n>,As, + (W2) 

The mass flow rate of these constituents U determined from the 
balance conditions in Eqs (9-27) to (9-29). 

The purpose of the above di«cU'<Mcm is to 3lu«trste the number 
of experimental mea«uremenfs which roust be made in even a simple 
calorimetric determination like the one shown and the fact that all 




Experiwcntat methods for engineers 


these measurements influence the accuracy of the final result. Of 
course, the calculated value of heating value (or chemical energj’' 
content) rrill be more sensitive to some measurements than others. 
For details on the measurement techniques the reader should con- 
sult Ref. (.5]. It may be noted that standardized procedures are 
available for this particular test which make it unnecessary to per- 
form all of the analj'sis indic.ated above; nevertheless, this analysis 
indicates the theory behind the measurement process. 

The bomb calorimeter is another device which is frequently used 
for heating-value determinations in solid and liquid fuels. In con- 
trast to the flow calorimeter described above, the measurements 
are made under constant-volume, nonflow conditions as shown in 
Fig. 9-16. A measured sample of the fuel is enclosed in a metal 
container which is subsequently charged unth oxygen at high pres- 
sure. The bomb is then placed in a container of water and the fuel 
ignited through external electric connections. The temperature of 
the water is measured as a function of time after the ignition process; 
and from a knowledge of the mass of water in the system, mass and 
specific heat of the container, and transient heating and cooling 
curves, the energy release during combustion may be determined. 
A motor-driven stirrer ensures uniformity in temperature of the 
water surrounding the bomb. In some circumstances external 
heating may be supplied to the jacket water to maintain a uniform 
temperature, while in other instances the jacket may be left empty 
in order to maintain nearly adiabatic conditions on the inner water 
container. .A compensation for the heat lost to the environment 
may be made through an analysis of the transient heating and 
cooling cuta^c. Doolittle (1| gives detailed procedures for use of 
the bomb calorimeter, and the interested reader should consult 
this reference for more information. 


9-7 CONVECTION HEAT-TRANSFER 
IHEASURE/KENTS 

Determinations of convection heat-transfer coefficients cover a verv 
broad range of e.xperimental actimties. In this section we shall 
illustrate only two simple experimental setups; one for a forced- 
convection system and one for a free-convection .system. The 
interested reader should consult Ref. [2] for more information. 

Consider the experimental setup shown in Fig. 9-17. It is 
desired to obtain convection heat-transfer coefficients for the flow 
of water in a smooth tube. Heat is supplied to the tube by electric 
heating as shown. The tube is usually made of a high-resistance 
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J-J7- &chtmaU< al apiuntu* #*t rfetmnfnQtisn pf fort«d-<enrec- 
tton hcpt-tramf«r cp«fflct»ntt in tmppth tube*. 

matcna! like stainlc^t steel to reduce the electne iurrent 
for heating. Thertn^ouffici are tpol-ueklet} or crmcntcfl tv thr 
outride surface of the tube to measure the «all tem|>cr3iun- 1 Jil.cr 

thermocouples or thermometers are inserted in the /?c*« to niea*tire 
the water temperature at mlci and outlet to the hc.»trd uoti ^ 
voltmeter and ammeter measure the power input to the tul>e while 
some type of flowmeter measures the water-flow rate The dw- 
tncally heated tube delivers a constant heat flux to the water (ion- 
stant Btu/(hr)(ft*) of tube surface) so that it isressotiablc to a<*ume 
a straight-line variation of water bulk temperature from inlet to 
outlet Thus the wall and bulk temperatures an? known along th* 
length of the tube, and the heat-transfer cocfTicienl may lie ral- 
culated at any axial location from 

q «» Mcr. - Ta) (5M1) 

where A is the total tnside-heatfd surface area of the tube, T, and 
Ta are the wall and bulk temperatures at the particular location, 
and <7 ia the total heat-transfer rate given by 

q==EI 

E and / are the voltage and current impressed on the test section 
The heated mirface area is 

A - ird.1, 

The outside surface of the tube must be rovered wjth )n«uLst\on to 
ensure that all the electric heating is dissipated in the water 
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PROBLEMS 

9-1 The follov,-ing data are taken from Ref. {G] on an apparatus 
like that shown in Fig. 9-3. The mea-surements were made 
on a lead sample whose thermal conductivity is taken to be 
0.3-52 ivatt/cm-°C at 0°C. 


Thermocouple 

potiliont 

Tcmpcralure, 

Dklnnce Iclween adjacent 
j ihermocouplce, cm 

1 

277.3 

3.14 

2 

231. C 

3.14 

3 

ISG..0 

3.14 

4 ! 

14.3 0 

.3.15 

5 

100.3 


G 

7S.6 i 

3. 1C 

7 

37.3 



L'^ing these data construct a graph of the thermal conduc- 
tivity of lead versus temperature. 

9-2 The apparatus of Fig. 9-3 i.s used for measurement of the 
thermal conductivity of an unknown metal. The lengths of 
the unknown and known bars are the same, and five thermo- 
couples are equally spaced on each bar. From the tempera- 
ture and heal flux measurements the thermal conductivity 
of the unknown i.s to be established as a function of tempera- 
ture. Design the apparatus to measure the thermal con- 
ductivity of a material, with I: ~ 100 Btu/(hr)(ft)(“F). Con- 
sider the influence of thermocouple .spacing, dimensions of 
the bans, heat flux measurement, and temperature measure- 
ment on accuracy. Take the thermal conductivity of the 
known material as exactly 20 Btu/{hr)(ft)(°F). 

9-3 A concentric-cylinder device like that in Fig. 9-5 is u.sed for a 
measurement of the thermal conductivity of water at 100°F. 
L .sing the dimensions given in the text, discu.ss the influence 
of the heat flux and temperature measurements on the 
accuracy of the thermal-conductivity determination. 

9-4 The viscosity of water is 1.65 lb„/hr-ft at 100°F. A small 
capillary tube .50 + 0.01 ft long is to be u.sed to check this 
value. Calculate the maximum allowable flow rate for an 
in.ride tube diameter of 0.100 + 0.001 in. Calculate the pres- 
.“-ure drop for this flow rate, and estimate the allowable uncer- 
tainty in the pressure drop in order that the uncertainty in the 
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viscosity does not exceed 6 percent. Ajwume thst the flow 
rate is measured within ±001 lb.^r. 

9-S The rotating concentric-cylmder apparatus of Fig. 9-9 is used 
to measure the viscosity of water at lOO'F. The inner cylin- 
der radius is 1.50 + 0 00lm.,andiUlengthM4 00 ± 0002 in 
The outer cylinder is rotated at a speed of 1,800 ± 2 rpm. 
The outer cylinder diameter » l.CO ±0001 in., and the gap 
spacing at the bottom of the cylinder is 0 500 ± 0.005 in. 
Calculate the nominal torque which will be measured, and 
estimate the allowable uncertainty in this measurement in 
order that the overall uncertainty in the viscosity docs not 
exceed 5 percent. Repeat the calculation for glycerine at 
lOOT. 

9'6 The tolerance limits on the radii of the inner and outer cylin- 
ders of Fig 9-9 exert a strong influence on the accuracy of 
the viscosity measurement. Establish a relation expressing 
the percent uncertainty in the viscority measurement as a 
function of the uncertainty in theae radius nieasurcments 
Assume thst the torque, angular velocity, and bottom-epscing 
measurements are exact for this calculation. As-sume that the 
uncertainty (tolerance) is the same for both cylinders 

9*7 The viscosity of a gas is to be determined by measuring the 
flow rate and pressure drop through a capillary tube The 
experimental variables which arc measured are. 

Inlet pressure p| 

Pressure differential Ap «= pi — p» 

Temperature T 
hfass flow rate m 
Tube diameter d •= 2r 

Derive an expression for the percent uncertainty in the vi»- 
cosity measurement in terms of the uncertainties in these five 
primary measurements. In view of the information in Chaps 
5 to 8 discuss the relative influence of each of the measure- 
ments, i e., which primary measurement will probably have 
the most effect on the final estimated uncertainty m the 
viscosity. 

9-8 The viscosity of an oil having a density of 51.9 lb»/ft* is 
measured ns 200 Saybolt ecc. Determine the dynamic 
viscosity m units of centipoise and lb*/hr-ft 

9-9 A Loschmidt apparatus is used to measure the diffusion coeffi- 
cient for benrene in air. At 25*C the diffusion coefficient is 
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0.088 om^/sec for a pressure of 1 standard atmosphere. Both 
tubes have a length of 60 cm. Calculate the mole fraction 
of benzene in each tube 10 min and 3 hr after the connection 
between the tubes is opened. 

9-10 A Loschmidt apparatus with L = 50 cm is used to measure 
the diffusion coefficient for COj in air. After a time of 6.52 
min the mole fraction of CO 2 in the upper tube is 0.0912. 
Calculate the value of t^ diffusion coefficient. 

9-11 For t — 4pti calculate the relative magnitudes of the first four 
terms in the series expansion of Eq. (9-20). Repeat for 
t ~ ^fopt and I “ 2^opi. 

9-12 Obtain a simplified expression for the heating value of methane 
as measured with a flow calorimeter with the following 
conditions; 

r„. = Tf, = = Tc. = 0 

The incoming gaseous fuel is saturated with water vapor. 

9-13 Design an apparatus like that shown in Fig. 9-17 to measure 
forced-convection heat-transfer coefficients for water at about 
200°F in a range of Reynolds numbers from 50,000 to 100,000 
based on tube diameter, i.e., 

Rea = 

where Ur, is the mean flow velocity in the tube. Be sure to 
specify the accuracy and range of all instruments required and 
estimate .the uncertainty in the calculated values of the heat- 
transfer coefficients. 

9-14 Design an apparatus like that shown in Fig. 9-18 to measure 
free-convection heat-transfor coefficients for air at atmospheric 
pressure and ambient temperature of 70°F. The apparatus 
is to produce data over a range of Grashof numbers 'from 10® 
to lO’ where 

Grashof number = Gr = 
where 

S = volume coefficient of expansion for air 
d = tube diameter 
Ta = tube surface temperature 
I’m = ambient air temperature 
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The properties of the sre eYC-;»'i« « 'V ?'•'•■ 
defined by (see Table 


The Grashof number is dimensSonless -rhem % oec^ttn'j «>$ xV 
units is used. Be sure to specify the aercracy ai'd tarjrt 
instruments used and estimate the ucfcrtaintTm the raSreUtiv^ 
values of the heatrtraosfer coeEBcient. 
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0.088 cmVsec for a pressure of 1 standard atmosphere. Both 
tubes have a length of 60 cm. Calculate the mole fraction 
of benzene in each tube 10 min and 3 hr after the connection 
between the tubes is opened. 

9-10 A Loschmidt apparatus with L == 50 cm is used to measure 
the diffusion coefficient for COj in air. After a time of 6.52 
min the mole fraction of CO 2 in the upper tube is 0.0912, 
Calculate the value of the diffusion coefficient. 

9-11 For t - topi, calculate the relative magnitudes of the first four 
terms in the series expansion of Eq. (9-20). Repeat for 
t = and i = 2/opt. 

9- 12 Obtain a simplified expression for the heating value of methane 
as measured with a flow calorimeter with the following 
conditions: 

To, = Tf, = Tp, = To. - 0 

The incoming gaseous fuel is saturated with water vapor. 

9-13 Design an apparatus like that shown in Fig. 9-17 to measure 
forced-convection heat-transfer coefficients for water at about 
200°F in a range of Reynolds numbers from 50,000 to 100,000 
based on tube diameter, i.e., 

Re, = 5H=^ 

f* 

where iu is the mean flow velocity in the tube. Be sure to 
specify the accuracy and range of all instruments required and 
estimate the uncertainty in the calculated values of the heat- 
transfer coefficients. 

9-14 Design an apparatus like that shown in Fig. 9-18 to measure 
free-convection heat-transfor coefficients for air at atmospheric 
pressure and ambient temperature of 70°F. The apparatus 
is to produce data over a range of Grashof numbers ’from 10® 
to 10’’ where 

Grashof number = Gr = 

where 

S = volume coefficient of expansion for air 
d — tube diameter 
Tv, — tube surface temperature 
jPm = ambient air temperature 
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The properties of the air are e^'aiuated at the film temperature 
defined by (see Table 8-5) 


The Grashof number is dimensionless when a consistent set of 
units is used. Be sure to specify the accuracy and range of all 
instrumentsused and estimate theuncertainty in the calculated 
values of the heat-transfer coefficient. 
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chapter 10 


Force, torque, and strain 
measurements 


10-1 INTRODUCTION 

Borne types of force measurements applicable to pi^ssurc-sensing 
devices have been discussed in Chap C We now irish to consider 
Other methods for mcasunng forces and torques and relate these 
methods to basic strain measurements and expenmenta) stress 
analysis. 

Force is represented mathematically as a vector v> ith a point of 
application. Physically, it is a directed push or pull According to 
Newton’s second law of motion, as wntteo for a particle of constant 
mass, force is proportional to the product of mau and acceleration 
Thus, 

F^-ma (lO-l) 

Ot 

where the \/g, term is the proportionality constant ^\lien force is 
expressed in lb/, mas-s m lb., and acceleration m ft/sec*, g, has the 
v^ue of 32.1739 lb«-ft/lb/-sec* and is numerically equal to the 
acceleration of gravity at sea level The weight of a body is the 
force exerted on the body by the acceleration of gravity so that 

F-W-S ( 10 - 2 ) 

At sea level, the weight m lb/ units is numencally equal to the mau 
in lb. units. 

Torque is represented as a moment vector formed by the cross 
product of a force and radius vector, la Fig 10-1 the torque which 
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Fig. 10-1. Vector representation for torque. 


the force F exerts about the point 0 is given mathematically as 


T = r X F = (rllFj sin 6 


(10-3) 


Mass represents a quantity of matter and is an inertial property 
related to force through Eq. (10-1). As such, mass is not a physical 
property which is measured directly; it is determined through a 
force measurement or by comparison with mass standards. Even 
with a comparison of two masses, as with a simple balance, a force 
equivalency is still involved. 

In this chapter we shall be concerned with force measurements 
as related to mechanical systems. Forces arising from electrical 
and magnetic effects are not considered. 


10-2 MASS BALANCE MEASUREMENTS 

Consider the schematic of an analytical balance as shown in Fig. 
10-2. The balance arm rotates about the fulcrum at point 0 (usually 
a knife edge) and is shown in an unbalanced position ns indicated 
by the angle (t>. Point G represents the center of gravity of the arm, 
and do is the distance from 0 to this point. IFb is the weight of the 
balance arm and pointer. When IFi = IPj, <#> will be zero and the 
weight of the balance arms will not influence the measurements. 
The sensitivity of the balance is a* measure of the angular displace- 
ment <j>pcrunitunbalancein the two weights IFi and IFj. Expressed 
analytically this relation is 


IFi - If: Air 


(10-4) 


We now wish to determine the functional dependence of this sensi- 
tivity on the phj’^sical size and mass of the balance. According to 
Fig. 10-2 the moment equation for equilibrium is 

TT^(L cos <l> ~ da sin <>>) = lFj(L cos -f dj, sin ^) + Wsda sin <t> 

(10-5) 


m 
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For small deflection angles sin ^ ^ and cos ^ 'w 1.0 so that Eq. 

(10-5) becomes 

lFj(L — ds^) = Tl'j(L •)- dg^) + Wgda^ 


or 


Zt 

KTT “ (U'l + ir,)d* + Wgda 


( 10 - 6 ) 


Near equilibrium, TTi *= Tl’* and 5 becomes 

c ^ i 

" Air ]VBdo + 2\VdB 


(10-7) 


srhere, now, we have used the single symbol IT to designate the load- 
ing on the balance. If the balance arm b constructed so that 
dg ^ 0, we obtain 


I 

■ ^Vgdo 


( 10 - 8 ) 



Fig. 10-2. Schematic af anatytleal bala<«i 
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an expression which is independent of the loading of the balance. 
Precision balances are available which have an accuracy of about 1 
part- in 10®. For precision instruments optical methods are usually 
employed to sense the deflection angle and determine the equilibrium 
position. 


Exomple 10-1 

A balance is constructed rrith the following dimensions: 

ITfi = 50 g 
do = 0.3 cm 
L = 21.2 cm 
ds = 0.01 cm 

The pointer scale is graduated so that readings may be taken within one- 
quarter of a degree. Estimate the uncertainty due to sensitivity in deter- 
mining the weight of a mass of 1,000 g. It may be noted that other uncer- 
tainties exist in the measurement, such as frictional effects, errors in read- 
ing, etc. 

Sofuffon. Prom Eq. (10-7) we have 

~ Air ~ 2Wds + JVsdo 
21.2 

“ {2){l6b0){0.01) + (50)(0.3) “ 

Pot an uncertainty in of 0.25° the uncertainty in TP is then given by 

I (isoMm ) "" S 

or about 1 part in 100,000. 

When a balance is used for mass determinations, considerable 
errors may result if corrections are not made for buoyancy forces of 
the air surrounding the samples. Typically, an unknown mass is' 
balanced nith a group of standard brass weights. The forces which 
the instrument senses are not the weight forces of the unknown mass 
and brass weights but the weight forces less the buoyancy force on 
each mass. If the measurement is conducted in a vacuum or the 
unknown brass and mass weights have equal volume, the buoyancy 
forces will cancel out and there will be no error. Otherwise, the 
error maj' be corrected with the following analysis. The two forces 
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exerted on the balance arms will be 

IT, = {p, - p.)V. (10-9) 

TT*- (p. -p.)r, (lO-lO) 

where 

p. density of the unknon'n 
Pi = density of the standard wnghts 
p. B density of the surrounding tur 
Va, V( = volumes of the unknonn and standard weights 
respectively 

The true weights of the unknown and standard weights are 

ir. «= p.r 

TT. = P.V, 

At balance ll'i ■» IK, and there results 

TT, « TJ'.fl (10.13) 

\ Pi P, - P./ 


( 10 - 11 ) 

(10-12) 


Exomple 10-2 

A quantity o( a plastic matenal having a density of about SO Ib./ft' is 
weighed on a standard equal-arm balance. Balance conditions are achieved 
with brass weights totaling 1S2 g in a room where the ambient air is at 
70*F and 14 7 psia. The den'ity of the brass sreighls may be taken as 
530 Ib./ft*. Calculate (he true weight of the pls-stic material and the 
percent error which would result if the balance reading were taken without 
correction 

SoMon. The true sreight of the brass weights is IS2 g. The density 
of the air may be calculated as 


P. 

HT 


(I4.7)(1 44) 
(53.35) (530)' 


0 0749 Ib./ft* 


The true weight of the plastic is then calrulsted from Rq (10-13) as 


ir. 


153 


/ 0 0749 530 - SO \ 

530 60 - 0 0749/ 


153 21 


The error is 1.21/152 X 100 or 0 795 percent 
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10-3 ELASTIC ELEMENTS FOR FORCE 
MEASUREMENTS 

Elastic elements arc frequently employed to furnish an indication of 
the magnitude of an applied force through a displacement measure- 
ment. The simple spring is an example of this type of force-dis- 
placement transducer. In this case the force is given by 

F = ky (10-14) 

where k is the spring constant and y is the displacement from the 
equilibrium position. For the simple bar shown in Fig. 10-3 the 
force is given by 


F = 



(10-15) 


where 

A = cross-sectional area 
h == length 

B = Young’s modulus for the bar material 

The deflection of the cantilever beam shown in Fig. 10-4 is related to 
the loading force by 

F = (10-16) 


where I is the moment of inertia of the beam. Any one of the three 
devices mentioned above is suitable for u.sc as a force transducer 
provided that accurate means are available for indicating the dis- 
placements. The differential transformer (Sec, 4-13), for example, 




F 


Elf. 10-3. Simple clastic element. 



Force, tonrue, ofid etratn mcesuremente 
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may be useful for measurement of these displacements, as well as 
capacitance and piezoelectric transducers (Secs. 4-14 and 4-15). 

Another elastic device frequentty employed for force measure- 
ments is the thin ring shown in Fig. 10-5. The force deflection rela- 
tion for this type of elastic element is 


F = 


16 El 
x/2 - 4/r d» ^ 


(10-17) 


where d is the outside ring diameter and 1 is the moment of inertia 
about the centroidal axis of the ring section. The proving ring is a 
ring transducer which employs a sensitive micrometer for the deflec- 
tion measurement, as shown in Fig. 10-6. To obtain a precise 
measurement, one edge of the micrometer is mounted on a vibrating- 
reed device J? which is plucked to obtain a vibratory motion. The 
micrometer cont act is then moved forward until a noticeable damping 
of the \*ibration is observed. Deflection measurements may be 
made within ±0.00002 in. with this method. The proving ring is 
widely used as a calibration standard for large tensile-testing 
machines. 


Exomple 10-3 

A small cantilever beam is constructed of spring steel having E — 
28.3 X 10' psi. The beam is 0.186 in. wide and 0.035 in. thick, with a 
length of 1.00 + 0.001 in. A LVDT Is used for the displacement-sensing 
device, and it is estimated that the uncertainty in the displacement measure- 
ment is ±0.001 in. The uncertainties in the bar dimensions are ±0.0003 
in. Calculate the indicated force and uncertainty due to dimension toler- 
ances when y = 0.100 in. 

Sofut/on. The moment of inertia is calculated ^vith 

^ 12 W 


where b is the width and h is the thickness. Thus, 


Equation (10-16) may be rewritten as 


F « 


3EhV 
12t’ ^ 


( 5 ) 
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UsinR Eq. (3-2) the uncertsiaty in the force measurement can be wntten 

T -[(?)■+ KT)’+HTy+(v)’]' "> 

The nominal value of the force becomes 

„ _ (3)(28.3Xt0«)(6 64 XlQ--^ . inn 

^ (TobT^ 

X 6^ lb/ 

From Eq. (e) the uncertainty is 

«’*• , 4- a / 0 QQ 03 V . . /oooiy . /o.ooiyi> 

F LlTila; ^^Kom) + HToo / ^ Voioo/ J 

• 00278 or 2.78% 

In this instance l.O percent uncertainty would be present even if the dimen* 
liens of the beam were known euctiy. 

The eurfaee etrain (deformation) in elastic elements like those 
discussed above is, of course, a measure of the deflection from the 
no-load condition. This surface strainmay bemeasuredverr rraily 
by the elcctrical-rcsistance strain gage to be discu.'ssed la rjbeequcEt 
paragraphs. The output of the strain gage may thus be laics as as 
indication of the impresaed force. The roam probJcm mih ihe use 
of these gages for the force-measurement appScatircf 8 that a 
moment may be impressed on the elastic eleccst becansr cf ecccctrtc 
loading. This would result in an alteration cf the bass strain <£s- 
tributioo as measured by the strain frage. There are ntesns for 
compensating for this effect through instaHitxm cf 
which are properly interconnected to canret cc; ti* defomatwa 
resulting from the impressed moment. The mteesred reader siculd 
consult Hefs. [4l and {5] for a ssmrary cf ti=w nsrhccis. 


lt»-4 TORQUE MEASUKEKEMTS 

Torque, or moment, ray be =!as=ec by ccserrog the angular 
deformation of a bar cri-i-r « sam ia Fie. lO*?. The 

moment is given ty 
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where 

G = shear modulus of elasticity 


Ti — inside radius 
To = outside radius 
L = length of the cylinder 
d> = angular deflection 


Strain gages attached at 45° angles as shown will indicate strains of 


Mr^ 


(10-19) 


Either the deflection or the strain measurement maj' be taken as an 
indication of the applied moment. Multiple strain gages may be 
installed and connected so that any deformation due to axial or 
transverse load is cancelled out in the final readout circuit. 

A rather old device for the measurement of torque and dissipa- 
tion of power from machines is the Prony brake.f A schematic 
diagram is shown in Fig. 10-8. Wooden blocks are mounted on a 
flexible baud or tope which is connected to the am. Some arrange- 
ment is prornded to tighten the rope to increase the frictional resist- 
ance between the blocks and rotating flywheel of the machine. The 
torque exerted on the Prony brake is given by 


T = FL 


(10-20) 


The force F may be measured by conventional platform scales or 
other methods discussed in the previous paragraphs. 

The power dissipated in the brake is calculated from 


2rTN 

33,000 


hp 


( 10 - 21 ) 


t Named for G. C. F. M. Riche, Baron de Prony (1755-1S39), French hydrau- 
lic engineer. 
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Fig. 10-7. Hollow cylinder as an elastic clement 
for torque measurement. 
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Fit, 1®^ Schematic af a ^nny brake. 


where the torque is m ft-Jb/ and A' m ihr rotational aperij in revolu- 
tions per minute 

Various other types of brakes are erap’oyed for power niea»ure- 
menta on mechanical equipment. Th** v<t>r braie, for example, 
dissipates the output energy through fluid fncuon Urtwftn a paddl* 
wheel mounted mside a stationary chaml/.r filM with water, Tlie 
chamber la freely recunted on bearings to that th** torque t rsn’mit led 
to tt can be measured through an app'opnate nvomenl arm rimilar 
to that used with the Prooy brake. 

The d-c cradled dynamometer m pcrhap« the no*! widely u.*ed 
device for power and torque roei»u«.T:en‘«« on ntemal comW'tion 
engines, pumps, sroaJJ ettam turbine*, a-d t>ti ‘t r-erhaniraJ equip- 
ment, The basic arrangement of tha device u ‘Vown tn Fig. JIW 
A d-c motor-generator w mounted o,-! beanr?* a* »>wn, with a 
moment arm extending from the l»x3y of th* r.otor to a force- 
measurement device which m usually a V.T,eT> if.^ 

device is connected to a pcnrer-p.'odacirg .1 ar'j as a d-^ 

generator whose output may be var.»d by d.»*.pv r s il> power in 
resistance racks. TTie lorque impre-.-ed on the drrjry/reVr ii 
cvea*urwl with the moment arm ar.d it* ontpu*. pewer ea>T;l*>d 
withEq (10-21) Thedynamometermay al«ot<*t:*«i a* tvelceer-e 
motor to drive some power-abeorbrng d»Tice FVe a p':i=p fs this 
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case, it- furnishes a means for measurement of torque and power input 
to the machine. Commercial dynamometers are equipped with 
controls for precise variation of the load and speed of the machine 
and are available wnth power ratings as high as 5,000 hp. 


10-5 STRESS AND STRAIN 


Stress analysis involves a determination of the stress distribution in 
materials of various shapes and under different loading conditions. 
Experimental stress analysis is performed b}' measuring the deforma- 
tion of the piece under load and inferring from this measurement the 
local stress which prevails. The measurement of deformation is 
only one facet of the overall problem, and the analytical work which 
must be applied to the experimental data in order to determine the 
local stresses is of equal importance. Our concern in the following 
sections is with the methods which may be employed for deformation 
measurements. Some simple analyses of these measurements will 
be given to illustrate the reasoning necessary to obtain local stress 
values. For more detailed considerations the reader should consult 
Refs. [2] and [5] and the periodical publication [8]. 

Consider the bar shown in Fig. 10-10 subjected to the axial load 
T. Under no-load conditions the length of the bar is L and the 
diameter is D. The cross-sectional area of the bar is designated by 
A. If the load is applied such that the stress does not exceed the 
elastic limit of the material, the axial strain is given by 


_ _ <^0 
‘ E E 


( 10 - 22 ) 


where va is the axial stress and E is Young’s modulus for the material. 
T 



I 


T 


Fig. 10-10. Simple nar In axial strain. 
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The unit axial strain is defined by the relation 

dL 

‘•“T 


(10-23) 


i.e., it is the axial deformation per unit length. Hesulting from the 
deformation in the axial direction h a corresponding deformation in 
the cross-sectional area of the bar. This change in Brc.a Is evidenced 
by a change in the diameter or, more spedfically, by a change in the 
transverse dimension. The ratio of the unit strain in the transverse 
direction to the unit strain in the axial direct ion is defined m Poisson ’s 
ratio and must be determined CTpcnmcntally for various materials 




il dD/D 

«. " " 51 ^ 


(10-24) 


A typical value for Poisson's ratio for many materials is 0 3. If the 
material is m the plastic state, the volume Remains constant with the 
change m strain so that 


dr - L dA + A d/. - 0 


or 

dA dl 

T“ “T 


Expressed in terms of the diameter this relation is 


«dD dL 

^ 2> “ T 


so that o ■=■ 0 5 under these conditions 


10-6 STRAIN MEASUREMENTS 

Let us first consider some basic definitions. Any strain measurty 
ment must be made. over a finite length of the workpiece Tlic 
smaller this length, the more nearly the measurement will approx- 
imate the unit strain at a point. The length over which thcascrage 
strain measurement i-s taken is called the bate length The deforma- 
lion tentUintg is defined as the minimum deformation which can \ 
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indicated by the appropriate gage. Strain sensitivity is the minimum 
deformation which can be indicated by the gage per unit base length. 

A simple method of strain measurement is to place some type of 
grid marking on the surface of the workpiece under zero-load condi- 
tions and then measure the deformation of this grid when the speci- 
men is subjected to a load. The grid may be scribed on the surface, 
drawn with a fine ink pen, or photoetched. Rubber threads have 
also been used to mark the grid. The sensitivity of the grid method 
depends on the accuracy with which the displacement of the grid 
lines may be measured. A micrometer microscope is frequently 
employed for such measurements. An alternate method is to 
photograph the grid before and after the deformation and make the 
measurements on the developed photograph. Photographic paper 
can have appreciable shrinkage, so that glass photographic plates 
are preferred for such measurements. The grid may also be drawn 
on a rubber model of the specimen and the local strain for the model 
related to that which would be present in the actual workpiece. 
Grid methods are usually applicable to materials and processes 
having appreciable deformation under load. These methods might 
be applicable to a study of the strains encountered in sheet-metal- 
forming processes. The grid could be installed on a fiat sheet of 
metal before it is formed. The deformation of the grid after forming 
gives the designer an indication of the local stresses induced in the 
material during the forming process. 

Brittle coatings offer a convenient means for measuring the 
local stress in a material. The specimen or workpiece is coated with 
a special substance having verj' brittle properties. When the speci- 
men is subjected to a load, small cracks appear in the coating. These 
cracks appear when the state of tensile stress in the workpiece teaches 
a certain value and thus may be taken as a direct indication of this 
local stress. The brittle coatings are valuable for obtaining an 
overall picture of the stress distribution over the surface of the 
specimen. They are particularly useful for determination of stresses 
at stress concentration points which are too small or inconveniently 
located for installation of electrical resistance or other types of 
strain gages. In some instances, stress data obtained from brittle- 
coating tests may be used to plan more precise strain measurements 
with resistance strain gages. A popular brittle coating is man- 
ufactured by the Magnaflux Corporation under the trademark of 
Stresscoat. Strain sensitivities of this coating range from 400 to 
2,000 pin. /in. The theory and application of brittle coatings are 
discussed very completely by Durelli et al. [3], and the interested 
reader should consult this reference for additional information. We 
may mention, however, that residual stresses in the coating, differ- 
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ential thermal expansion between the coating and the workpiece, 
and curing procedure can influence the stress properties of the coat- 
ing significantly. 


10-7 ELECTRICAL-RESISTANCE 
STRAIN GAGES 


The electncal-resiitance strain gage is the most widely u<«i device 
for strain measurement Its operation » based on the principle that 
the electrical resistance of a conductor changes when it is subjected 
to a mechanical deformation Typically, an electric conductor is 
bonded to the specitnen with an insulating ccrocnl under no-load 
conditions A load js then applied which produces a deformation 
in both the specimen and the mistance element This deformation 
It indicated through a mexsurcmeni of the change m resistance of the 
clement and a calculation procedure which m desenbod below 

Let us now develop the ba«»c relations for the resistance strain 
gage. The rCs'ittancc of the conductor is 

I10-2S) 


where 

h •=> length 

A »» cross'sectionai area 
p = resistivity of the material 

Differentiating Etj (10-25) we have 



The area may be related to the square of .'ome transverse dimen-io' 
such as the diameter of the resistance wire DesignatioR ihi*. dimer- 
sion by X), we have 


4 “ 


Introducing the definition of the axial oirain and Po-t': ' *4' 
fromEq (10-23) and (10-2^), wchaxe 


m 

H 


,(I -h 2 p) + ^ 
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The gage factor F is defined by 


dR/R 

to 


(10-29) 


so that 

F = 1 -b 2 k -b - ^ 
fa P 


(10-30) 


We may thus express the local strain in terms of the gage factor, the 
resistance of the gage, and the change in resistance with the strain. 


‘ = (10-31) 

The value of the gage factor and the resistance are usually specified 
by the manufacturer so that the user need only measure the value of 
AR in order to determine the local strain. For most gages the value 
of F is constant over a rather wide range of strains. It is worth- 
while, however, to examine the influence of various physical proper- 
ties of the resistance material on the value of F. If the resistivity 
of the material does not vary with the strain, we have, from Eq. 
(10-30), 

F = 1 -b 2 k (10-32) 

Taking a typical value of k as 0.3 we would obtain F = 1.6. In this 
case, the change in resistance of the material results solely from the 
change in physical dimensions. If the resistivity decreases with 
strain, the value of F will be less than 1.6. When the resistivity 
increases with strain, F will be greater than 1.6. Gage factors for 
various materials have been observed from —140 to -bl75. If the 
resistance material is strained to the point that it is operating in the 
plastic region, k = 0.5 and the resistivity remains essentially con- 
stant. Under these conditions the gage factor approaches a value 
of 2. For most commercial strain gages the gage factor is the same 
for both compressive and tensile strains. 

A high gage factor is desirable in practice because a larger change 
in resistance AR is produced for a given strain input, thereby neces- 
sitating less sensitive readout circuitry. 

Three common types of resistance strain gages are shown in Fig. 
10-11. The bonded wire gage is perhaps the most common with the 
wire size varying between about 0.0005 and 0.001 in. The foil gage 
usually employs a foil less than 0.001 in. thick. The semiconductor 
gage employs a silicon base material which is strain-sensitive and has 


rvre*, tenjuf, #nd itnifn m««turem«nU 



nc.lO-U. Thre<(ype««fmifUneeitra>nc*{M' (•)WtttttX*J{*»> 
Ml gMftt (c) iftnleoihiuctor fee- 

theadvantage that very larffCvaluOTof/* may bcoblflintd(/’-w JOO). 

The miterial is usuaily produced in bnltle »afera having a th/cifies* 
of about 0.01 in Semiconductor gagea abo have very high tern* 
peraturc coeffjcienta of rcsiitanec. Table lO-I presents a summary 
of charactenstres of three strain^gage matena/s. fleference (7( 
furnishes additional information 

Wtre and foil gages may be manufactured m vanous ways, but 
the important point is that the resistance element must be securely 
bonded to its mounting It is essential that the bond between the 
resistance element and the cement joining it to the workpiece be 
stronger than the resistance wire lUclf. In this way. the strength of 
the resistance element is the smaller, and bcncc the deformation of 
the entire gage is governed by the deformation ol the resistance cle- 
ment. Most wire strain gages employ either a nitrocellulose cement 
or s phenolic resin for the bonding agent with a thin paper backing 


Table 10-1 Characteristics of some resWance strain-gage materials 
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to maintain the wire configuration. Such gages may be used up to 
300°F. A Bakelite mounting is usually employed for temperatures 
up to 500°F. Foil gages are manufactured by an etching process 
and use base materials of paper, Bakelite, and epoxy film. Epoxy 
cements are also employed for both wire and foil gages. 

When strain gages are mounted on a specimen, two notes of 
caution should be observed; (1) The surface must be absolutely 
clean. Cleaning with an emery cloth followed by acetone is usually 
satisfactory. (2) Sufficient time must be allowed for the cement to 
dry and harden completely. Even though the cement is dry around 
the edges of the gage, it may still be wet under the gage. If possible, 
24 hr should be allowed for drying at room temperature. Drying 
time may be reduced for higher temperatures. 

Several different cements are available for mounting strain 
gages. • These cements are discussed in Ref. [2] along with rather 
detailed instructions for mounting the various types of gages. The 
interested reader should consult this reference for more information 
as well as the literature of various manufacturers of strain gages. 

Problems associated with strain-gage installations generally fall 
into three categories: (1) temperature effects, (2) moisture effects, 
and (3) wiring problems. It is assumed that the gage is properly 
mounted. Temperature problems arise because of differential ther- 
mal expansion between the resistance element and the material to 
which it is bonded. Semiconductor gages offer the advantage that 
they have a lower expansion coefficient than either wire or foil gages. 
In addition to the expansion problem there is a change in resistance 
of the gage with temperature which must be adequately compensated 
for. We shall see how this compensation is performed in a subse- 
quent paragraph. Moisture absorption by the paper and cement can 
change the electrical resistance between the gage and the ground 
potential and thus affect the output resistance readings. Methods 
of moistureproofing are discussed in Refs. [1] and [2]. Wiring prob- 
lems are those situations which arise because of faulty connections 
between the gage-resistance element and the external readout circuit. 
These problems may develop from poorly soldered connections or 
from inflexible wiring which may pull the gage loose from the test 
specimen or break the gage altogether. Proper wiring practices are - 
discussed in Refs. [2] and (61. 

Electrical-resistance strain gages cannot be easily calibrated 
because once they are attached to a calibration workpiece removal 
cannot be made without destroying the gage. In practice, then, the 
gage factor is taken as the value specified by the manufacturer and a 
semicalibration effected by checking the bridge measurement and 
readout system. 
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shown that the denominator of Eq. (10-36) is not very sensitive to 
small changes in and hence is very nearly a constant which we 
shall designate as C. Thus, 

A/, = ~ KRi -f ARi)R, - Rm (10-38) 

Applying the balance conditions from Eq. (10-37) gives 

A/, = gi?,A/i!: (10-39) 

Introducing the gage factor from Eq. (10-31), 

A7, = ^ RiRiF( = const X c (10-40) 

Thus, the deflection current may be taken as a direct indication of 
the strain imposed on the gage. 


10-9 TEMPERATURE COMPENSATION 

It is generally not possible to calculate corrections for temperature 
effects in strain gages. Consequently, compensation is made directly 
by means of the experimental setup. Such a compensation arrange- 
ment is shown in Fig. 10-12. Gage 1 is installed on the test specimen, 
while gage 2 is installed on a like piece of material which remains 
unstrained throughout the tests but at the same temperature as the 
test piece. Any changes in resistance of gage 1 due to temperature 
are thus cancelled out by similar changes in the resistance of gage 2, 
and the bridge circuit detects an unbalanced condition resulting 
only from the strain imposed on gage 1. Of course, care must be 
exerted to ensure that both gages are installed in exactly the same 
manner on their respective workpieces. 


Example 10-4 

A resistance strain gage with R = 120 ohms and F = 2.0 is placed in an 
equal-arm bridge in which all resistances arc equal to 120 ohms. The 
battery voltage is 4.0 volts. Calculate the detector current in micro- 
amperes per microinch of strain. The galvanometer resistance is 100 ohms. 

Solution. The denominator of Eq. (10-36) is calculated as 
C = (4) (120)’ -b (100) (240)’ = 1.267 X 10’ 
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Exomple 10-5 

For the gage and bridge in Example lO-f eaWtste the voltage indica- 
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10-10 STRAIN-GAGE ROSETTES 

The installation of a strain gage on a bar specimen like that shown in 
Fig. 10-10 is a useful application of the gage, but it is quite restricted. 
The strain which is measured in such a situation is a principal strain 
since we assumed that the bar is operating under only a tensile load. 
Obviously, a more general measurement problem will involve strains 
in more than one direction, and the orientation of the principal stress 
axes will not be known. It would, of course, be fortuitous if the 
strain gages were installed on the specimen so that they were oriented 
exactly with the principal stress axes. We now consider the methods 
which may be used to calculate the principal stresses and strains in 
a material from three strain-gage measurements. The arrange- 
ments for strain gages in such applications are called rosettes. We 
shall give only the final relations which are used for calculation 
purposes. The interested reader should consult Refs. [2] and [5] for 
the derivations of these equations. 

Consider the rectangular rosette shown in Fig. 10-13. The 
three strain gages are oriented as shown, and the three strains 
measured by these gages are e,, and tz. The principal strains for 
this situation are 


«m»xj «min 2 — ~ ~ * 3 )°!* (10-41) 

The principal stresses are 

<rn..x, <rn.in = ± ^ ^ ^ 

(10-42) 

The maximum shear stress is designated by Tmxx and calculated from 
E 

^ V 2 (1 + n) ~ ~ (10-43) 
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Fig. 10-13. Rectangular strain-gage rosette. 
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The angle 0 will be in the first quadrant when «3 > n and in the second 
quadrant when e 2 > «j. 

It is worthwhile to mention that resistance strain gages may be 
sensitive to transverse as well as axial strains- The resistance change 
produced by a transverse strain, however, is usually less than 2 or 3 
percent of the change produced by an axial strain. For this reason, 
it may be neglected in many applications. If the transverse strain 
is to be considered, the above rosette formulas must be modified 
accordingly. We shall not present this modification but refer the 
reader to Refs. [1] and [5] for more information. 


Example 10-6 

A rectangular rosette is mounted on a steel plate having E — 29 X 10' 
psi and p = 0.3. The three strains are measured as 

ti = -1-500 pin./in. 

«j = -1-400 nin./in. 

«3 = —100 nin,/in. 


Calculate the principal strains and stresses and the maximum shear stress. 
Locate the axis of principal stress. 


Sofut/on. As an intermediate step we calculate the quantities 

A = SLii-' = 200 pin./in. 

B = [(ci — tj)* -f- ({, — ej)*]l = 510 pin./in. 

Then, 


fmtx = — y= B = 561 uin./in. 

V2 


Cmin — A = —161 pui./in. 

v2 

= -EL- -f = (29 X 10')(200 X lO-'l 

1 - V2 (1 -f p) 1-0.3 

4- (29 X 10')(510 X l O-'l „ „ 

^ -y/l (1 -h 0 3) ~ 8|280 -b 8,050 = 16,330 psi 

o-„i, = 8,280 - 8,050 = 230 psi 

Tn., = = 8,050 psi 

V2 (1 -f P) 



We choose the first quadrant angle {ff - IWj fa accordance with Eo 
(10-45). ^ 


10-11 THE UNBONDED-RESISTANCE 
STRAIN GAGE 

The bonded elcctncal-resistance strain gage discaased above is the 
moat widely used device for strain jneasurcmcnts An alternate 
resistance gage IS the unbonded type shown in Fig 10-J5 Aspring- 
loaded mechamstn holds the two plates in a close position while the 
fine wire Rhmeats are stretched around (he mounting pins as shown 
The mounting pins must be rigid and also serve sa electrical insula- 
tors. When plate A moves relative to B, a strain is imposed on the^e 
filaments which may be detected through a measurement of the 
change in resistance The allowable displacement of commercial 
gages is of the order of ±0 0015 m , and the wire diameter i< usually 
less than 0 001 in. The /*J? heating m the unbonded gage can be a 
problem because the wires have no ready means for heat dissipation 
other than convection to the surrounding air The pnnciple of the 
unbonded gage has been applied to acceleration and diaphragm 
pressure transducers with good success. 



rJc. ZO-iS. Schematic af unboniled-mlitane* itrtin nn- 
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PROBLEMS 

10-1 Many balances use brass -vreigbts (p, = 530 Ib^/it*) in atmos- 
pheric air {p^ = 0.075 lb„/rt*). Plot the percent error in the 
balance detcmiination as a function of Pu/p.- 

10-2 Using the conditions given in Example 10-1, calculate the 
required angular sensitivity in order that the uncertainty in 
the veight detemrination is of the order of 1 part, in 10*. 

10-3 An LTOT is used to measure the axial deformation of the simple 
bar of Fig. 10-3. The uncertainty in this measurem.ent is 
±0.001 in. A steel bar is to be used to measure a force of 
250 lb/ with an uncertainty of 1 percent. Determine a 
suitable diameter and length of rod for this measurement, 
assuming the rod dimensions will be known exactly. 

10-4 The diaphragm of Fig, 6-lOc is to be used as a force-measure- 
ment dex-ice with the load applied at the center boss. Steel is 
to be used as 'the diaphragm m.ateri.al, and the maximum dis- 
placement is not to exceed one-third the thickness, A load of 
1,000 lb/ is to be measured with an uncert.ainty of 1 percent 
using an LVDT with an uncert.ainty of ±0.0001 in. Deter- 
mine suitable diaphragm dimensions for this mc.asurement. 

10-5 A fanner decides to build a crude weighing device to weigh 
bags of grain up to 150 lb/. For this purpose he employs a 
section of 1-in. steel pipe (1,315 in. OD, 0.957 in, ID) as a 
cantilever beam. He intends to me.asure the deflection of the 
be.am n-ith a metal carpenter’s sc.ale having graduations of 
in. On the basis of these data what length of pipe would 
you recommend for the farmer’s application? 

10-6 A proving ring is constructed of steel {£ = 30 X 10* psi) 
having a cross section with 0.250 in thickness .and 1.000 in 
depth. The overall diameter of the ring is 6.000 in. A 
micrometer is used for the deflection measurement, and its 
uncertainty is ± 0.0001 in. Assuming that the dimensions of 
the ring are exact, calculate the applied load when the uncer- 
tainty in this load is 1.0 percent. Calculate the percent 
uncertainty in the load when y ~ 0.01 in. and the uncertainty 
in the dimensions are 


wk == tci = 0.0002 in. 
tC'i ~ 0.01 in. 

where h and h are the thickness and depth of the ring 
respecti%-elj-. 


and strain 


10*7 A hollow steel c>‘Imder (G = 12 X 10* p*i) b subjected to a 
moment such that ^ b liiO*. The dimeasions of the erCnder 
are 

r. •= 0 500 ± 0 0003 in. 
r, = 0 625 ± 0 0003 in. 

L = 5 000 ± 0001 in. 

The uncertainty in the an^lar deflection b ±0 05*. Calcu* 
late the nominal value of the impressed moment and its 
uncertainty. Also calculate the 45* strains. 

10*8 In a bridge circuit like that of Fig 4*17, At « lOOohms 
The galvanometer resistance b 50 ohms. The strain-gage 
resistance at zero strain is 120 ohms, and the value of Rt b 
adjusted to bring the bridge into balance at zetti-strain con- 
ditions The gage factor is 2 0 Calculate the galvanometer 
current when i “ 400 ^in./m Take the battery voltage as 
4 0 volts 

10*9 Calculate the voltage output of the bridge m Prob. 10-S, 
assuming a detector of very high impedance. 
lO-lO Show that Eq. (lOm) reduces to 

(ait ■ (I 
(all ~ (| 

when 5 0 Obtain relations for the principal stresses and 

maximum shear stress in this instance 
10-11 A delta rosette b placed on a steel plate and indicates the 
following strains: 

n = 400 jiin./m. 

(t “ 84 jiin /in 
(1 = —250 pin./in 

Calculate the principal strains and stresses, the maximum 
shear stress, and the orientation angle for the pnncipal axes 
10-12 Obtain simplified relations for the della rosette under the con- 
ditions that «i = «■»,, that is, = 0 
10-13 Suppose a rectangular rosette ts used to measure the same 
stresses as in Prob 10-11. The bottom leg of thb rosette is 
placed in the same location as the bottom arm of the d*?t3 
rosette. Calculate the strains irhich voold be indicated ty 
the rectangular rosette under these eonditwns. 
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10-14 Calculate the percent uncertainty in the maximum and mini- 
mum stresses resulting from uncertainties of 2 percent in the 
strains as measured with a rectangular rosette. For this 
calculation assume E and ti are known exactlj'. 

10-15 Rework Prob. 10-14 for the delta rosette. 

10-16 A rectangular rosette is placed on a steel plate and indicates 
the following strains: 

€i = 563 pin./in. 

= —155 pin./in. 

= —480 pin./in. 

Calculate the principal strains and stresses, the maximum 
shear stress, and the orientation angle for the principal axes. 

10-17 A strip of steel sheet, ^ X 2 X 20 in., is available for use 
as a force-measuring elastic element. The strip is to be used 
by cementing strain gages to its flat surfaces and measuring 
the deformation under load. The strain gages have a maxi- 
mum strain of 2,000 pin./in. and a gage factor of 1.90. A 
battery is available with a voltage of 4.0 volts, and the read- 
out voltmeter has a high impedance and an accuracy of ± 1 
pv. The nominal resistance of the strain gages is 120 ohms. 
Calculate the force range for which the measurement system 
may be applicable. 
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Motion and vibration 
measurement 


11-1 INTRODUCTION 

Mcasureroentfl of motion and vibration parameters arc important 
in many applicatJOns. The eTpenmenlal Quantity wbieh ia desired 
may be velocity, acceleration, or vibration amplitude These 
quantities may useful m predicting the fatigue failure of a par* 
ticular part or machine or may play an important role »n ana]>‘se8 
which arc used to reduce structure vibration or noise level 

The central problem in any type of motion or vibration meav 
urement concerns a determination of the appropriate quantities m 
reference to some specified state, le, velocity, displacement, or 
acceleration lo reference to ground. Ideally, one would like to 
have a motion or vibration transducer which connects to the body 
in motion and fumishc-s an output signal proportional to the vibra> 
tional input The ideal tran<^ucer should be independent of its 
location, i e , it should function equally well whether it is connected 
to a vibrating structure on the ground, in an airplane, or in a space 
vehicle In this chapter we shall see some of the compromises 
which arc ncce&sary to approach such behavior 

Sound may be classified as a vibratory phenomenon, and we 
shall indicate some of the important parameters necevar>’ for 
specification of sound level. The mea«orcment and analysis of 
sound levels are very spccialued subjects which are becoming 
increasingly important m modem building and equipment design [5} 


11-2 TWO SIMPLE VIBRATION 
INSTRUMENTS 


Consider the simple wedge shown in Fig. ll-l which is attached 
to a vibrating wall. When the wall is at rest, the wedge appears 
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Fig. 11-1. Simple wedge used as device for amplitude-displacement 
measurements, (a) At rest; (b) In motion. 


as in (a); when the wall is in motion, the wedge appears as in (b). 
An observation is made of the distance x. At this distance the 
thickness of the wedge is equal to the double amplitude of the 
motion. In terms of x the amplitude is given by 


a = X tan ^ 


( 11 - 1 ) 


where 6 is the total included angle of the wedge. The wedge- 
measurement device is necessarily limited to rather large amplitude 
motions, usually for a >■ 5 ^ in. 

Another simple vibration-frequency-measurement device is 
shown in Fig. 11-2. The small cantilever beam mounted on the 
block is placed against the vibrating surface, and some appropriate 
method is provided for varying the beam length. When the beam 
length is properly adjusted so that its natural frequency is equal to 
the frequency of the vibrating surface, the resonance condition shown 
in (5) will result. The natural frequency of such a beam is given by 


li3„ = 



( 11 - 2 ) 



Fig. 11-2. Cantilever beam used as frequency-measurement device. 

(a) No vibration or vibration other than u„; (b) vibration 
at 
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where 

«*>. * natural frequency 

E » Young’s modulus for the beam material, p'i 
I w moment of inertia of the beam, in.^ 
m ■* mass per Unit length, lb_/io. 

L = beam length, in. 


Example 11-1 

A T V'io -diam spdng-steel rod ts to be used for a vibratioo-frequenry 
mea*urement as aho«A in Fig 11-2 The leogth of the rod maj be varied 
between ] and 4 in. The density of this material h 4S9 lb. /ft', and the 
modulus of elasticity is 28 3 X 10‘ p«i Calculate the range of frequencies 
which may be measured wnth this device and the allowable UDcertaioty in 
£> at L •• 4 in. in order that the uncertainty in the frequency is not greater 
than 1 percent Assume the material properties are known exactly 

Sekrffon. We have 


S - 2S3 X lO'psi 

7.49X10- 


y(489)(l/321' 

(HO 


t't - 8.69 X I0-* Ib./in 


_ ■■ or g83XJP*}(7-13 Xiro y . 

"• (8 69 X 10-V{»)‘ J -»-72Drad/eec 

— 273 cps 

At X » 4 ID , 

«. - 107.5 rad/«c - 17 06 cps 

We use Eq. (3-2) to determine the allowable uncertainty in the length 
measurement in terms of the uncertainly in the frequency measurement 




1X1 
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Fig. 11-1. Simple wedge used as device for amplitude-displacement 
measurements, (a) At rest; (h) in motion. 


as in (a); when the wall is in motion, the wedge appears as in (b). 
An observation is made of the distance x. At this distance the 
thickness of the wedge is equal to the double amplitude of the 
motion. In terms of i the amplitude is given bj' 


a — X tan ^ 


( 11 - 1 ) 


where 0 is the total included angle of the wedge. The wedge- 
measurement device is necessarily limited to rather large amplitude 
motions, usually for a >-^ in. 

Another simple vibration-frequency-measurement device is 
shown in Fig. 11-2. The small cantilever beam mounted on the 
block is placed against the vibrating surface, and some appropriate 
method is provided for varying the beam length. When the beam 
length is properly adjusted so that its natural frequencj' is equal to 
the frequency of the vibrating surface, the resonance condition shown 
in (6) will result. The natural frequency of such a beam is given by 


a-„ = 11.0 



( 11 - 2 ) 



Fig. 11-2. Cantilever beam used as frequency-measurement device. 

(a) No vibration or vibration other than (b) vibration 
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where 

w, *« natural frequency 

E =* Young’s modulus for the beam material, ps'i 
J = moment of inertia of the beam, in.* 
m »» mass per unit length, lb.An. 

L •= beam length, in. 


Exomple t1>1 

A tVid 'diam ipnag-gteel rod is to be used for a vibration-frequency 
measurement as shown in Fig- 11-2. The length of the rod may be varied 
between 1 and 4 in. The density of this malenal is 4S9 ib./fl>, and the 
modulus of elasticity is 23 3 X 10* ps*- Calculate the range of frequencies 
which may be measured with this device and the allowable uncertainty in 
Xf at L ~ 4 ID. in order that the uncertainty lo the frequency is not greater 
than 1 percent. Assume the material propertiea are known exactly. 

Softftion. We have 


E 
I • 


I 2S3 X 10*psi 
TT* *a/32)« 


r(4S9)fl/32)* 

(144) 


10“’ in.* 
- 860 X 


10-* lb,/in 


Alx » 1 in , 


■ .-r (28.3X10*)(7 4gXI0-0 |« , 

= n.0 1 (8 69 x io-«Ki)* J 

= 273 cps 


At z - 4 in., 


Urn — 107.5 rad/sec •> 17.06 cps 

We u»e Eq. (3-2) to detenmne the allowable uncertainty m the len/li 
measurement m terms of the uncertainly in the frequency measurement. 



M that 
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at L = 4 in. = (0.01)(107.5) = 1.075 rad/sec 


_ (l-075)(4)» _ 
“ (22.0)(156.2) 


0.02 in. 


11-3 PRINCIPLES OF THE SEISMIC 
INSTRUMENT 

The seismic instrument is a device which has the functional form 
of the system shown in Fig. 2-3. A schematic of a typical instru- 
ment is shown in Fig. 11-3. The mass is connected through the 
parallel spring and damper arrangement to the housing frame. 
This frame is then connected to the vibration source whose charac- 
teristics are to be measured. The mass tends to remain fixed in 
its spatial position so that the vibrational motion is registered as a 
relative displacement between the mass and the housing frame. 
This displacement is then sensed and indicated by an appropriate 
transducer, as shown in the schematic diagram. Of course, the 
seismic mass does not remain absolutely, steady, but for selected 
frequency ranges it may afford a satisfactory reference position. 

The seismic instrument may be used for either displacement or 
acceleration measurements by proper selection of mass, spring, and 
damper combinations. In general, a large mass and soft spring 
are desirable for vibrational displacement measurements, while a 
relatively small mass and stiff spring are used for acceleration 
indications. This will be apparent from the theoretical discussion 
which follows. 




tiansflucpi 



Workpiwx' 


Xi « jc„ cos 


Fig. li-3. Schematic of typical seismic Instrument. 
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ric. 11*4. MKhanfcal lystem for a fottmle 
tnstrum«nt4 


Hgurc 2-3 is reproduced as Fir 11-4 to show the mcfhmicsl 
system to be analyicd. Using Newton’s second law of motion, we 
have 

where it is assumed that the damping force is proportional to 
velocity. Wc avume that a harmonic vibrator}* motion b impressed 
on the instrument such that 

Zt - z» cos «i< (IM) 

and wish to obtain an €xpre««ion for the relative displacement 
- art — zi in terms of this imprc««ed motion The relative displace- 
ment b that which is detected by the traa«dueer shown in Fig- 1 1-3 
Hcwriting Eq (11-3) and substituting Eq (11-4) gives 

d*xt . e dxi , k fk , t - A /n r\ 

-f-r *1 jT *1 — zi = r» I — cos «,l «t sm wif I (1 1-5) 

al’ n at m \m m / 

The solution to Eq (11-5) b 



xt - X, 


cos ul+ B sm w<) + 


mj»hn* cos (“it ~ ^) 

J(Jfc — -b 

(11-C) 


where the frequency is given by 


-m-i] 

and the phase angle by 




(11-7) 


^ “ tan"* 



Anipiitudo rntfo - 
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Fig. U-S. Displacement response of a seismic Instrument as 
given by Eq. (11-9). 


A and B are constants of integration determined from the initial 
or boundary conditions. 

Note that Eq, (11-6) is composed of two terms: (1) the transient 
term invohmg the exponential function and (2) the steady-state 
term. This means that after the initial transient has died out a 
steady-state harmonic motion is established in accordance with the 
second term. The frequency of this steady-state motion is the 
same as that of the impressed motion, and its amplitude is 


(Xz — Xi)ci 


til - -h l2(c/c.)(cuj/«„)]M‘ 


(11-9) 


where the natural frequencj'- w„ and critical damping coefficient Cc 
are given by 





( 11 - 10 ) 


Ct = 2 \/mjc 


( 11 - 11 ) 


The phase angle may also be written 


= 


1 - 


( 11 - 12 ) 
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A plot of Eq. (11-9) is given in Fig. 11-5. It may be seen that the 
output amplitude is very nearly equal to the input amplitude when 
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c/c, ■=• 0.7 and ux/u, > 2. For low valuer of the damping ratio the 
amplitude may become quite larj^e. The output becomcv e»«rn. 
tially a linear function of input at higli-frequcncj* ratio* Tliu*. .a 
seismic-vibration pickup for measurement of displacement ampli- 
tude should be utilized for measurement of frequencies fubstanlial!}- 
higher than its natural frequency. The instrument constant* c'(, 
and w. should be knonn or obtained from calibration The atiliri- 
pated accuracy of mea-surement may then be calculated for various 
frequencies. 

The acceleration amplitude of the input vibration is 



Wc may thus use the measured output of the instrument as a 
measure of acceleration There arc problems as-sociated nith this 
application, however In Kq (11-9) the bracketed term is the one 
which governs the lineanly of the acceleration response since w. 
will be fixed for a given instrument In Fig 11-C we have a plot of 


(fi - 


versus — 


which indicates the response Generally unsatisfactorj perform- 
once is obscn'cd at frequency ratios above 0 4 Thus, for accelcra- 



Fl*. ll-«. Aec»l«»ll*n mpom* of a tcltmle Imtrwmsnt •* 
far Cq. (U-IS). 
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tion mensurements we wish to operate at frequencies much lower 
than the natural frequency, in contrast to the desirable region of 
operation for amplitude measurements. From the standpoint of 
instrument construction this means that wc wish to have a low 
natural frequency (soft spring, large mass) for amplitude measure- 
ments and a high natural frequency (stiff spring, small mass) for 
acceleration measurements in order to be able to operate over a 
wide range of frequencies and still enjoy linear response. 

The seismic instrument may also be used for vibration velocity 
measurements by employing a variable-reluctance magnetic pickup 
as the sensing transducer. The output of such a pickup will be 
proportional to the relative velocity amplitude, i.e,, the quantity 

From the above discussion it may be seen that the seismic 
instrument is a very versatile device which may bo used for meas- 
urement of a variety of vibration parameters. For this reason, 
many commercial vibration and acceleration pickups operate on 
the seismic-instrument principle. Calibration methods for the 
seismic instrument arc discussed in Refs. [1], [4], [6], and [7]. 

The transient response of the seismic instrument is governed 
partially by the exponential decay term in Eq, (11-6). The time 
constant for this term could be taken as 



or, in terms of the natural frequency and critical damping ratio, 

^ ti)„(c/Cj) (11-15) 

The specific transient response of the seismic-instrument system is 
also a function of the type of input signal, i.e., whether it is a step 
function, harmonic function, ramp function, etc. Tlic linearity 
of a vibration transducer is thus influenced by the frequency ratio 
requirements which arc necessary to give linear response ns indi- 
cated by Eqs. (11-6) and (11-9). The design of a transducer for 
particular response characteristics must involve a compromise 
between these two effects, combined rvith a consideration of the 
■sensitivity of the displnccmeiU-sensing transducer and its transient 
response characteristics. The response of the seismic instrument 
to different types of inputs is discussed by Dove and Adams [4}. 
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Exomple n-2 

Using Eq (11-0) and c/e. - 07,ealciilate(he value of u, /a-, such that 
(*i — = 0 99; that is, the error m ] pereent. 

Sohriion We ha\e 

099 

III - (w, /«.)»]« + |2(0 7>(w,/«,)Jt|» 

Rearranging this equation gitva (be quadratic felafioa 

whJch }’ields 


Exemple 1t>3 

A small seismic lastrumeat is to be u«ed for measurement of linear 
acceleration. It has w* • 100 rad/see and a displacement-scn*ing Iran*- 
ducer which detects a maumum of ±0 1 m The uncertainty m the dis- 
placement measurement is ±0 001 la Calculate the mstimutn accelera- 
tion which may be measured with this instrument and the uncertainty in 
the measurement, assuming u, is known exactly 

Soh/tion. From £q. (11-9) with U|/w. - 0, «e have 

Oe ^ «.’(*! - *i)i 

- 100‘(O.I/12) - 83J ft/seC 

The uncertainty is calculated from 

tc. - [(!“»•)’]* " “ (100)*(000J/|2) - 0833 ft/sec» 

or an uncertainty of 1 percent. It may be noted that larger uncertainties 
would be present when smaller accelenitiona wvre measur^ 


Exemplo 11-4 

Calculate the frequency ratio for which the error in acceleration mea 
urement is 1 percent, with e/c, •■07, that is, ((rt — r«)«i.i.*J/a« — 0 99 
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Sofut/on. ^Ye have 

_1 

~ ill - (w,/w„)M’ + l2(0.7)(u)/u„)’P 

This gives the quadratic relation 
QY - 0.04 + 1 - (1/0.99)-* = 0 

which yields 
= 0.300 


Example 11-5 

Calculate the time required for the exponential transient term in 
Eq. (11-0) to decrease by 99 percent with ir, = 100 rad/sec and c/c, = 0.7. 
Compare this time with the period of an ncccptablc frequency «i for dis- 
placement and acceleration amplitude mca.suremcnts as calculated from 
the 99 percent relationships of Examples 11-2 and 11-4. 

Sofofion. Wc have 

= 0.01 and ~ = lO.OG 
2m 

10.06 = le.. I 

I = 0.1438 sec 


Prom Example 11-2, toi/ton = 2.47 and the corresponding period for <<?i in 
the displacement measurement is 

^ = It? “ 0-0255 sec 

Cl) I 247 

Prom Example 11-4, ui/u, = 0.306 and the corresponding period for Wi 
in the acceleration measurement is 


P = 


2j 

m 


2r 

30.6 


0.205 sec 


No specific conclusions may be dr.awn from this comparison because the 
transient response depends on the manner in which the instrument is 
suhiocted to a change. 
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11-4 PRACTICAL C O NS 1 OCRA Tl ONS 
FOR SEISMIC INSTRUMENTS 

The previous paragraphs have bIiotvh tfic ba^c rMpon»e cfiarar- 
tensdcs of seismic instruments to an imprrsved hamot.ic vibrational 
motion Let us now consider some of the waya that thrsn instru- 
ments might be constructed in practice 

In Fig 11-7 a seismic instrument i-. dJudral*^ whiclj ij«/s a 
s-oltage-disider potentiometer for sen»my tl <* relative di'plaerrr.i'fit 
beti'^een the frame and the eei«mJC niav« To provide the dampirtg 
for the system, the case of the instrumert rrght he filled with a 
viscous liquid which would interact conlmuoti-ly with the frame 
and the mass Because of the relatively lartc rras- of the pofeii- 
tioroeter such systems have rather low ii»’-tijral fxC^uenrif*- 
than about lOO ops) and, as such, are limiud to s'*'"/ lection m'’*'’-' 
uremeats at frequencies less than about M; 'p’ f'U''b a"‘'’br6t:'>'i 
transducers may weigh a pound or more 

The linear variable differential tran^fomer 
in See. 4-13 offers another conver.i'nt ri"8ri' for of 

the relative displacement between »he n.s^i a/.d t/f'-U 

erometer hoa*ing. Such devo-e* have eoreaVa* h:zhe» 
frequencies than potentiometer d^vi-M 'iC/t-Vn l/jt »'e »• ” 
restricted to appheatiocs with lo« 

The differential transformer, hoae^rr. fa* a r-i-f '<,*<* 't< 
to motion than the potestior.*'*^ ard 'vp4b'» <•/ r 
resolotion. Is additios, th<“ »e:»rr.'* fc'“reI*ro.~^^? fj» *? v LVf/T 
can be considerably hzhter tn ror;»*n;~*iV *1 vi c-- *‘*h s 
tiotneter. Table 4-2 cve? a o' 

the LVPT and potentiome'^r 

The eleetrical-reti'ta.''* »"a * rv7* ■2-*“-* ^ 
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Fig. 11-8. Seismic instrument utilizing an 
electrical-resistance strain gage for 
sensing relative displacement. 


ance strain gage is mounted to sense the strain in the beam resulting 
from the \'ibrational displacement of the mass. Damping for the 
sj'stem is provided bj- the viscous liquid which fills the housing. 
The outputs of the strain gages are connected to an appropriate 
bridge circuit which is used to indicate the relative displacement 
between the mass and housing frame. The natural frequencies of 
such systems are fairly low and roughly comparable to those for 
the LVDT systems. The low natural frequencies result from the 
fact that the cantilever beam must be sufficiently large to accom- 
modate the mounting of the resistance strain gages. 

For high-frequency measurements the seismic instrument fre- 
quently employs a piezoelectric transducer (Sec. 4-15), as shown 
in Fig. 11-9. The natural frequency of such instruments may be 
as high as 100 kc, and the entire instrument may be quite small 
and light in weight. A total weight of 1 oz for a piezoelectric 
accelerometer is not uncommon. Piezoelectric devices have rather 
high electric outputs but are not generally suitable for measure- 
ments at frequencies below about 10 cps. Electrical impedance 
matching between the transducer and readout circuitry is usually a 
critical matter requiring careful design considerations. 

Seismic vibration instruments may be influenced by tempera- 
ture effects. Devices employing variable-resistance displacement 
sensors uill require a correction to account for resistance changes 
due to temperature. The damping of the instrument is affected 
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Fig. Il-S. Seismic instrument utilizing a piezo- 
electric transducer. 
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by changes in viscosity of the fluid summnding the seismic ma^s 
Sihconc oils are frequently employed in such applications, and their 
viscosity is strongly dependent on temperature It woulil not he 
uncommon for such oils to experience a change in «sco?lty by a 
factor o! two for a temperature chan^ of only SOT. The viscosity- 
temperature effect could be eliminated, of course, if a fluid were 
used with a small change in viscosity with temperature^ Unfortu- 
nately, fluids which have this desirable behavior, vii., gayw, have 
low viscosities as wel), so that they are generally unsuitable for use 
as damping agents in the seismic instrument One way of alleviat- 
ing the viscosity-temperature problem is to install an electrical- 
resistance heater in the fluid to maintain the temperature at a 
constant value regardless of the surrounding temperature 

Obviously, vibration measurements are not always performed 
on large, massive pieces of equipment. It is frequently of interest 
to measure the vibration of a thm plate or other small, low-mass 
structures The question immediately unsci about the effect of 
the presence of the vibration instrument m such mcasuremenls 
If the mass of the instrument is not small in compnrison witli the 
mass of the workpiece on which it is to be installed, the vibratiennl 
charaetenstics may be altered appreciably In jsucb cases a correct 
interpretation of the output of the vibrational instrument may 
only be obtained by analyses beyond the scope of our discussion, 
and the interested reader should consult Ref (6} for more informa- 
tion about this subject A simple experimental technique, how- 
ever, will tell the engineer whether the presence of the instrument 
has altered the vibrational charactcnstirs of the slruclure under 
test. Fim, a measurement is made with the vibration instrument 
in place. Then, an additional mo'-s is mounted on the structure 
along with the instrument and a second measurement taken under 
the same conditions a* the firat U there is no appreciable differ- 
ence between the two measurements, it may be tssumctl that the 
presence of the vibrometer has not altered the vibrational chnrae- 
teristics. If there is an sppreetable {Jillerertre tn the measurements, 
an analysis will be necessary to delcrmine the “free* vibrational 
characteristics in terms of the experimental measurements 


11-5 SOUND MEASUREMENTS 

Sound waves are a vibratory phenomenon and for this rcvonsrf 
appropriately di'ciissed m this chapter They might s5»o ^ 
cussed m the chapter on pres-urc mea-urements bcceu-e ^ 
effects are usually measured in terms of fiarmoniir pre* or. 
tions which they produce m a liquid orgaacou-s medium. 
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If. is standard practice in acoustic measurements to relate sound 
intensity and sound pressure to certain reference values U and po 
which correspond to the intensity and mean pressure fluctuations 
of the faintest audible sound at a frequency of 1,000 cps. These 
reference levels arc; 

Jo = 10' ■' watt/cm* 
po = 2 X 10'^ dyne/cm- 
= 2 X 10"' newton/m- 
= 2.0 X 10"’ psi 

Intensity and pressure levels are measured in decibels. Thus, 

Intensity level (db) = 10 logm 7/7o (11-18) 

Prc.sstire level (db) = 20 logm p/po (11-19) 

When pre.ssurc fluctuations and particle displacements arc in pha.se 
such as in a plane acoustic wave, lhe.se levels arc equal, 10 logm 
7/7o = 20 login p/po. 

The magnitudes of the particle velocity and pre.ssurc fluctua- 
tions created by a sound wave arc .small. For example, a plane 
sound wave having an intensity of 140 db generates a maximum 
oscillation velocity of approximately 2.4 ft/scc and a root-mean- 
aquarc pressure fluctuation of about 0.029 psi. A sound intensity 
of 90 db is considered the maximum permissible level for extended 
human cxpo,surc. 

The human ear responds diflerently to different sound fre- 
quencies and to certain groups of frequencies which are called 
“noi.se.” The acoustical engineer is responsible for designing rooms 
or systems such that unwanted frequencies or noise is filtered out 
while still allowing clarity of transmission of certain other sounds. 
An auditorium, for example, should be designed so that very little 
outside noise is trnnsmiUed- through the walls, ryhile the inside 
structure and fixtures should allow clear transmission of audio per- 
formances on the stage. The walls should have good sound insula- 
tion, while the inside surfaces should be properly designed so that 
unwanted reverberations are eliminated without causing undue 
attenuation of sound from the stage. Almost all acoustical design 
problems involve the exercise of considerable judgment based 
on experience as well as a knowledge of some basic sound-level 
measurements. 

Sound-level measurements arc performed with some type of 
microphone, which may be considered a type of seismic vibration 


(11-16) 

(11-17) 
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instrument. The electric output of the microphone is proportional 
to sound pressure level which may be used to calculate the sound 
intensity according to Eq (11-18). Appropriate power amplifiers 
and readout meters or recorders indicate the sound level In 
general, the microphone must be calibrated in a test facility with a 
source of known frequency and intensity. Even with careful 
calibration, accuracies of better than +1 db may not be expected 
in sound pressure level measurements The characteristics of some 
typical microphones are given in Table 11-1. 

A typical practical application of sound-level measurements 
may call for an analysis of the noise spectrum in a certain sound 
source. For this purpose a no5«e analyzer with bandpass filter 
circuits is used Several sound-prcssure-level measurements arc 
taken to determine the sound intensity in various wavelength bands 
Based on experience, the acoustical engineer may then take steps to 
attenuate whatever frequencies he feels are neces.sary to achieve the 
design objective For many commercial noi«e and vibration meters 
calibration may be achieved with a simple whistle or tuning fork in a 
quiet room. Sound-level readings will generally follow the inverse 
square law. 


Table U-l Characteristics of microphones according to Ref. [9| 


Aftchantim 

Frequency 

range 

ApproxtmoU 
open-ctreuti 
tenattmlp, 
db, below 

1 volt/dirnee/ 
cm’ 

ApproiimoU 

impedance, 

ApplicBliOit and remarkt 



-40 

100 

Telephones 

EUetrodj/namte 


-85 

10 

Field measurements, com- 

EUctroetatic 

Up to 50 kc 

-50 

500,000 

munications, etc. 

Precision measurements, 
standards 





KoehtlU 


-60 

100,000 

Temperature-dependent 

ADP cTj/ttal 

Quorl* 

Ultrasonic 

Mainly 

-60 

-90 to -lOO 

High 

Hygroscopic 

Use in underwater sound, 
solids, etc 


ultrasonic 

-90 


Iligh-intensity work in air. 

Magneloilricttve 

Mainly 

-100 

Low 

water, measurements with 
small probes 

Underwater sound 

Ribbon microphone 

ultrasonic 
Audio region 

-100 

1 

Directive 
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A good summary of acoustical principles and materials- for use 
in sound attenuation applications is given in Refs. [2], [3], and (8). 
The following paragraphs present a summary discussion of some 
of the types of acoustical phenomena which are encountered in 
practice. 


Traveling plane wave 

A plane acoustic wave may be described in terms of the displacement 
of a particle at a distance x from the wave source and at a time i. 
The analytical relation expressing the particle displacement as a 
function of distance and time for a harmonic wave is 


^ cos Y (ct - x) 


(11-20) 


where ? is the particle displacement, is the particle-displacement 
amplitude, c represents the sound velocity, and X is the wavelength. 
An obser\'er located at some particular distance Xi from a plane 
wave source will experience a periodic variation of the particle dis- 
placement and velocity. Another observer located at a distance 
Xi from the source will experience exactly the same relative periodic 
motion; however, the absolute time at which the maximum and 
minimum points in the motion occur will depend on the distance 
(n — Xi) and the wave velocity c. The amplitude of the oscilla- 
tory motion will decrease with the distance from the wave source 
owing to viscous dissipation in the fluid. The plane wave described 
by Eq. (11-20) is called a traveling wave since the particle displace- 
ment is dependent on time and the distance from the wave source. 
Traveling waves may be described in a similar manner for cylindri- 
cal wave propagation. 

The fluctuations in pressure due to the passage of a plane 
sound wave may be described in terms of the amplitude of the 
particle displacement through the relation 

„ 2r 2r 

P = ^ ^ y - ^) (11-21) 


where ^ is the adiabatic bulk modulus of the fluid defined by 


d = 


dF 


(11-22) 


The intensity of a sound wave is defined n.s the flux of energy per 
unit time and per unit area. Several equivalent expres.sions for 
the intensity of a plane wave are given in Eq. (11-23). 
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I — lPoC(|«)* 

= 

= P.cC^™,)* 

= Pr».^n.. 



where 

fit = air density 
w = frequency 

= velocity amplitude of the wave 
imt - rms value of the particle velocity 
PfiM = rms pressure fluctuation 

It is worthwhile to note that the intensity expressions contain- 
ing the pressure terms do not apply for the case of cylindrical or 
spherical waves unless the radius of curvature of these waves is 
Urge enough that the wave front may be approximated by a plane 

Standing waves 

Standing waves, like traveling waves, are described m terms of 
periodic particle displacements and the corresponding periodic 
particle velocities For the case of traveling waves the amplitude 
of the particle displacement is the same regardless of the position x 
provided that viscous dissipation effects are neglected. For stand- 
ing waves the amplitude of the particle displacement will follow a 
penodic variation with the distance i from the sound source At 
even quarter-wavelengths the amplitude will be zero, and at odd 
quarter-wavelengths the particle-displacement amplitude will take 
on its maximum value. Consequently, the term "standing wave" 
is derived from the fact that the amplitude of the particle displace- 
ment has a periodic vanation which is independent of time Thus, 
we have the idea that the wave "stands” In a certain position 
The particle motion m a standing wave may be represented by the 

relation 

i - 2e. Bin cos + const^ (11-24) 

Constant-pressure sound field 

Constant sound pressure waves are distinctly different from either 
traveling waves or standing waves and are encountered m rever- 
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berant chambers whose walls reflect the major portion of the wave 
energy striking them. For the ideal case, the energy of the sound 
source is distributed uniformly throughout the reverberant room 
so that the fluid will experience a uniform compression and expan- 
sion in all directions. 

Traveling waves and standing waves represent a vector field, 
i.e., they depend on the direction in which the wave is propagating. 
Reverberant waves, for the ideal case, are independent of either 
distance or direction from the wave source; hence, they represent a 
scalar field. There is evidently no simple correlation between the 
pressure fluctuations and the particle displacements in the free 
space of a reverberant room. 

PROBLEMS 

ll-l Tlic vibrating wedge shown in Fig. II-I is used for an ampli- 
tude measurement. The length of the wedge is 6.0 ± 0.02 
in., and the thickness is 1.0 ± 0.01 in. The x distance is 
measured as r = 2.2 ± 0.05 in. Calculate the vibration 
amplitude and its uncertainty in percent. 

11-2 A small cantilever vibrometer is available for measurement 
of vibration frequency, but the specification sheet is lost so 
that the properties of the device are not known. The instru- 
ment is calibrated by placing it on a large compressor in the 
laboratory which is rotating at 300 ± 2.0 rpm. The meas- 
ured length for re.sonance conditions is 2.2 ± 0.01 in. Calcu- 
late the frequency which the instrument will indicate when 
L — 4.0 ± 0.02 in. .'Vlso calculate the uncertainty in the 
measurement at this length. 

11-3 Consider the cantilever beam of Example 11-1. Suppose 
the uncertaintie.-; in the material properties and dimensions 
are 

tPE = 2% 

rPr = 0.0005 in. 

Wp = 5 !b„/ft’ 

Wi = 0.01 in. 

Calculate the resulting uncertainty in co„ at L ^ 1.0 and 
L — 4.0 in. 

11-4 A cantilever beam is to be used for the measurement of fre- 
quencies between 100 and 1,000 cps. The beam is to be made 
from a rod of spring steel having the properties given in 
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Example 11-1. The maximum length of the rod i? to be 
5 in., and the uncertainties in material dimeniuons and prop- 
erties are those given m Proh 11-3 Calculate the nominal 
diameter of the rod and the uncertainty in the frequency at 
100 and 1,000 cps 

A seismic accelerometer is to be used to measure linear accel- 
eration over a range from 100 to 1,000 ft/see*. The natural 
frequency of the instrument is 200 cps. and this value may 
vary by ±2 cps owing to temperature fluctuations Calcu- 
late the allowable uncertainty in the relative displacement 
measurement, in order to ensure an uncertainty of no more 
than 5 percent in the acceleration measurement 
A seismic instrument is to be used to measure velocity. Show 
that the input velocity amplitude is 



Subsequently show that this velocity amplitude may be 
expressed m terms of the steady-state relative di«placement as 

y, , » 

" '''• U.tu - + 12Wc,)(«,/«.)l’i' 

U-7 Calculate the value of the lime constant for the instrument 
m Prob. 11-5 if c/c< •« 0 65 

U-8 Plot the error in acceleration measurement of a seismic mrtru- 
ment for c/c, = 07 versus frequency ratio, i.e., 


11-5 


11-6 


• xQotJ.* 


II-9 A large seismic instrument is constructed so that m = 100 
lb* and c/c, = 0 707. A spring with k » 200 Ib//ft is used 
so that the instrument will be relatively insensitive to lon- 
frequency signals for displacement measurements and rela- 
tively insensitive to high-frequency signals for acceleration 
measurements. Calculate the value of linear acceleration 
which will produce a relative displacement of 0 1 in on the 
instrument. Calculate the value of ui/w, such that 


- ii)» 

Xo 


0 99 


^^•10 A seismic accelerometer i’ to be designed so that the time 
constant calculated from Eq (11-15) is equal to the period 
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of the maximum acceptable frequency for a 1 percent error 
in measurement, that is, (xj Xi)o/oo = 0.99. Plot 
versus c/cc in accordance with this condition. 

11-11 Calculate the phase angle 4> for the conditions of Example 
11 - 2 . 

11-12 Calculate the phase angle 4> for the conditions of Example 
11-3. 

11-13 Calculate the energy flux and rms pressure variation corre- 
sponding to a sound intensity' of 100 db. 

11-14 The estimated accuracy of a sound-intensity measurement is 
usually expressed in decibels. Calculate the uncertainties in 
intensify in watts per square centimeter corresponding to 
±1, ±2, and +3 db. Express these as percentage values 
at sound levels of .50, 80, and 120 db. 

11-15 A standing sound wave is created in room air (70°F, 14.7 psia) 
with a frequency of 1,000 cps. The peak sound intensity’ 
occurring in the wave is 120 db. Plot the sound intensity 
and prc.ssurc fluctuations as functions of x for one wave- 
length. Over what fractional portion of a wavelength could 
the intensity be considered constant, consistent with an'esti- 
mated uncertainty of + 1 db in the intensity measurement? 
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Thermal and nuclear 
radiation measurements 


12-1 INTRODUCTION 

In Chap. 8 we have already mentioited the importance of thermal 
radiation measurementa in temperature determination^ In thu 
chapter we shall examine the physical principles and operating 
characteristics of some of the more important thermal radiation 
detectors and indicate their range of applicability For a rather 
complete survey of the field of infrared engineenng and thermal 
radiation detectors the reader is referred to the monograph by 
Hackforth (7] 

Radioactivity measurements comprise a broad field of activity 
by engineers and are becoming increasingly important m manj 
applications In this chapter we shall discuss some of the measure- 
meats which find wide application and indicate the devices used 
for performing these measurements Our discussion is, of necessity, 
a cursory one, and the interested reader should consult the book 
by Price [10] for detailed information on detection of nuclear 
radiation 


12-2 DETECTION OF THERMAL RADIATION 

The measurement of thermal radiation is basically a measuTement 
of radiant energy flux The detection of this energy flux may be 
accomplished through a measurement of the temperature of a thin 
metal strip exposed to the radiation- The strip is usually blackened 
to absorb most of the radiation incident upon it and is constructed 
as thin as possible to minimize the heat capacity and thereby bnrg 
about the most desirable transient characteristics A schematic of 
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of the maximum acceptable frequency for a 1 percent error 
in measurement, that is, (xj — • xi)o/uo = 0.99. Plot ton 
versus c/cc in accordance with this condition. 

11-11 Calculate the phase angle for the conditions of Example 
11 - 2 . 

11-12 Calculate the pha.se angle (j> for the conditions of Example 
11-3. 

11-13 Calculate the energy flux and rms pressure variation corre- 
sponding to a sound intensity of 100 db. 

11-14 The estimated accuracy of a sound-intensity measurement is 
usually expressed in decibels. Calculate the uncertainties in 
intensity in watts per square centimeter corresponding to 
±1, ±2, and +3 db. Express these as percentage values 
at sound levels of ,50, 80, and 120 db. 

11-15 A .standing sound wave is created in room air (TO^F, 14.7 psia) 
with a frequency of 1,000 cps. The peak sound intensitj' 
occurring in the wave is 120 db. Plot the sound intensity 
and pressure fluctuations functions of .r for one wave- 
length. Over what fractional portion of a wavelength could 
the intensity be considered constant, consistent with an' esti- 
mated uncertainty of ± 1 db in the intensity measurement? 
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Thermal and nuclear 
radiation measurements 


12-1 INTRODUCTION 

In Chap. 8 we have already meniioned the importance of thcnnal 
radiation measurements in temporaturo determinations. In this 
chapter we shall examine the phj'siral principles and operating 
charactenstics of sotne of the more important thermal radiation 
detectors and indicate their range of applicability. For a rather 
Complete survey of the field of infrared engineering and thermal 
radiation detectors the reader is referred to the monograph by 
Rackforth (71 

Radioactivity measurements comprise n broad field of activity 
by engineers and are ttecoming increasingly important in many 
applications In this chapter we shall discuss some of the mcasur^ 
ments which find wide application and indicate the devices use 
for performing these measurements Our discussion is, of 
a cursory one, and the interested reader should consult ^ ® ° 

hy Price (101 for detailed information on detection of nuclear 

radiation. 


12-2 DETECTION OF THERMAL RADIATfON 

The measurement of therms! radjatiem Is basically a 
of radiant energy flux The detection of this energy u 
accomplished through a measurement of the tempera . , . j 
metal strip exposed to the radiation. The strip « 
to absorb most of the radiation incident upon it and 

thin as posdble to minirnue the heat capacity theicby ^ 
about the most desirable transient characteristics, ^ 



Experimental methods for engineers 


Fig. 12-1. Schematic of the general thermal radlatton 
detector. 

the general thermal radiation detector is given in Fig. 12-1. The 
temperature attained by the element is a function not only of the 
radiant energy absorbed but i.s also dependent on the convection 
losses to the surroundings and conduction to the mounting fixtures. 
Convection losses from the element may be reduced by enclosing 
the detector in an evacuated system with an appropriate window 
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for trsnfinirriou of tbe radjatioa. Tee iafraied tran5=i3Si:oa char- 
Bcteristjcs of several substance* employed as window material* are 
given in Fig. 12-2 according to Hef. Jl|. Conduction losses may 
be reduced witb suitable insulaUr.~ maierisls- 

Either thermocouples or thenr.opiles may be used for detecting 
the temperature of the blackened radiation-sensitive element. 



Fie. 12-3. A commercial radiometer utllWne a thermopile sensor, (a) Cut- 
away of Instrument; (b) detail of thermopile sensor. (Courtesy 
Mlnneapolls-Honeywell Co.) 
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Fig. 12-4. A commercial thermistor-radiation detector. (Courtesy 
Barnes Engineering Co., Stamford, Conn.) 


Thermopiles offer the advantage that they produce a higher voltage 
output. Many ingenious methods of construction have been 
devised for such thermopiles, a commercial example of ■srhich is 
given in Fig. 12-3. The expanded view of the thermopile shows 
the blackened junction pairs surrounded by an annular ring of 
mica which serves as both electrical and thermal insulation. The 
thermopile registers the difference in temperature between the hot 
junctions and the ambient temperature surrounding the detector. 
The lens at the front of the device focuses the radiation on the 
thermopile junctions. Special circuitries are used to pronde for 
compensation of ambient temperatures between 50 and 250°F. 

Thermal radiation may also be sensed by a metal bolometer 
which consists of a thin strip of blackened metal foil such as plati- 
num. The temperature of the foil is indicated through its change 
in resistance with temperature. An appropriate bridge circuit is 
used to measure the resistance. 

Thermistors are widely used as thermal radiation detectors, 
and a cutaway drawing of a commercial detection device is given 
in Fig. 12-4. Two thermistors are enclosed in the detector case 
which is covered by an appropriate glass window basing satisfactory 
transmission characteristics. One thermistor element is exposed 
to the incoming radiation which is to be measured, while the other 
element is shielded from this radiation. The shielded element is 
connected in the circuit so that it furnishes a continuous compensa- 
tion for the temperature of the detector enclosure. .A schematic 
of a commercial radiometer using thermistor detectors is given in 
Fig. 12-5. The incoming radiation is focused by the mirror system 
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Flp !2>5. Schematic of a commercial radiometer utlllrlns a thermistor detector. 
(Courtesy Barnes Eniincerinc Co.» Stamford, Conn.) 


onto the thermistor detector. A motor-driven chopper periodically 
interrupts the radiation so that an alternating signal is produced 
which may be amplified more easily. The amplified signal is subse* 
quently rectified to produce an output voltage proportional to the 
radiant flux incident on the thermistor detector. In this s>’steiD 
nufTors may be adjusted so that the optical 8>-8tem can be focused 
On an area as small as 1 mm*. The movable mirror and foeming 
lamp are used for this purpose. The system is exceedingly sensitive 
and may even be used for detection of radiation from sources near 
room temperatures. 

Thermal radiation detectors arc calibrated directly by obtain- 
ing the output as a function of the Icnoum radiation from a black- 
body source at various temperatures. A typical blackbody source 
is constructed as showm in Fig 12-C. The conical caxnty is con- 
structed of some high-conductmty roatcnsl such as aluminum or 
copper, and the inside surface is blackened An electric heater 
maintains the cavity at a desired temperature which is indicated 
and controlled through a sensitive elcctnc-resistance thermometer 
or thermistor. Baffles near the opening prevent stray radiation 
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Table 12-1 Characteristics of thermal receivers! 


Tt/pc 

Rrtppntc 

time 

Enerp-J 

Ihresholi}, 

trails 

ThrrmocoupU 

0.2 sec 

3.0 X 10-‘ 

Thtrmislor bolomtfer 

3.0 msec 

; 7.2 X 10-* 

bolorn<tcr 

4.0 msec 

3.3X10-* 


1 According to Ref. [2J. 


from the surroundings from influencing the radiation output oi 
carity. The detailed construction of blackbody standards is 
cussed by Marcus |9'. It may be noted that cavities like the 
discussed above may give effective emissivities tvithin 1 per 
of blackbod}' conditions. 

A comparison of the approximate transient and energy thn 
old characteristics of three tj'pes of thermal radiation receiver 
given in Table 12-1 according to Ref. [2]. The energy thresl 
values are the minimum energ.v which may adequately be detet 
by such a device. 


Example 12-1 

A certain thermistor radiation bolometer detector has characteris 
such that the minimum input power necessary to produce a signal-to-n 
ratio of unity is lO"' watt. Suppose such a detector is located 3 ft fro 
blackbody radiation source and is perfectly black. Calculate the tempi 
ture of the source necessary to produce a signal-to-noise ratio of 10, asst 
mg that the detector and surroundings are maintained at 70°F. ' 
source is a black sphere, 2 in. in diameter, and the detector area is 1 m 

Solution. The net energy absorbed by the detector is 

9 = o-Afr/ - 530')(sV)* 

where A is the detector area. For a signal-to-noise ratio of 10 the int 
powermusf he W X W-> = lO'- waft = 3.413 X IQ-’BtuAr = 9. Th 

T.< ^ 530* = X 10--)(36)^ 

(0.1714 X 10-*) (0.01 1(0.001 076) 

= 240 X 10* 

T, = 566°R = I05°F 


nax^V iOO the corresponding value of T. would 

-J b. From the results of this e.xample we see why optical systems 
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those shown in Figs. 12^ and 12-5 ate ««ed to collect the radiation over a 
fairly large area and focus it on the sm^i surface area of the detector. 


I2-.3 MEASUREMENT OP CMISSIVITY 

An apparatus for the measurement of total normal emisslvity has 
been described by Snyder, Gier, and Dunkle (llj The apparatus 
uses a thermopile radiometer and is conslnicted as shown in I*jg, 
12-7. An electric heater is used to maintain the temperature of the 
sample, while thermoeouplea embedded m the sample furnish an 
indication of ila temperature A detailed drawing of the theimopilc 
receiver is shown in (b) U is constructed of ICO junctions of silver- 
constantan mounted m a rylmdneal housing whicfi is blackened 
on the inside Two blackened aluminum foil strips are attached to 
the junctions The rear shield has a narrow slot which allows 



Fl*. 12.7. Apparatus lor measurement of normal emissirfty attordhtt tt RsC 
<a} Schematic; <b) detail of tiiermoplle censtnretion. 


Experimental methods for engineers 


exposure of the hot junction strip to the radiant flux from the 
sample while exposing the cold junction strip to the temperature of 
the thermopile enclosure. The temperature difference between the 
hot and cold junctions is thus taken as an indication of the radiant 
energ5- flux which, in turn, is related to the emissivdty of the sample. 
The conical shield on the front of the demce ensures a proper con- 
centration of energj" from the sample. According to Ref. [llj the 
derice furnishes essentially a linear output of 0.1275 mv per 
Btu/(hr){ft=) radiant flux. If the temperatures of the hot and cold 
junctions are assumed to be essentially the same as the inside tem- 
perature of the radiometer (this apparently is a good assumption 
because of the small total energy' absorbed in the radiometer) and 
the sample is assumed gray, the total normal emissivity of the 
sample is 


7.84 £ 

'' “ - n*) 

where 

E = voltage output of the thermopile, mv 
T, - sample temperature 
Ts = radiometer temperature 

The riew factor Ft, is calculated from 


( 12 - 1 ) 


Ft. = 


rr 

rr + L- 


( 12 - 2 ) 


In order for the measurement to be valid the temperature of the radi- 
ometer must be maintained at very nearly that of the surroundings. 

Glaser and Blau 16] have presented a method for measurement 
of spectral emissi%’ities, and the interested reader should consult 
their paper for additional information on spectral characteristics of 
surfaces. Gier el al. {5] discuss the measurement of spectral 
reflectivity. 


Exomple 12-2 

.4 measurement of total emissivity is made with the apparatus shown 
in Fig. 12-7. L = 14.25 in. and r, = 1.50 in. The output is 0.S23 + 0.005 
mv, r, = 703 ± J.OT, and £« = 70 ± 0.5°?. Calculate the Morainal 
value of the emissirity, and estimate the uncertainty in the measurement. 

Sotuiion. 11 e first calculate the view factor F,, as 
r- (1.50): 
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*"«*»«retnenli 


The emissivity h then calculated with the use of (l2-i) 
(7.84)(0 823) 

*•’' (0 011)(0 1714 X 10-*){H63‘ - 530^ 

= 0.195 


Weu.e Eq. (3-2) lo calcukic Iht unmlauilj The .ppropriate parametera 
are 


^ 7.84 

dE ~ - T,<) 


0 237 mv-‘ 


^ -(7.84) (4) r.« 

ar. “ Flp{T,* - Ta')* “ 
ter, = 1 0'R 
it (7.84) (4) Ta* 
ar* “ F^{T,' - ra«)« " 
lert •" 0.5*R 


-8.68 X 10-«*R-' 


8 18 X I0-*“R~' 


and the uncertaintj m Ihe emijNvity la calculated as 


tf. - 11(0 237)(0 005)1* + l(-8G8 X 10-‘)(l 0))» + |(8 18 X 10 *)(0 5)l*t‘ 
" 000147 or0 75rf 

U the uncertamt) in the source temperature had been ±5*F, the resulting 
uncertainty in the cmm^^ty would Iw 0 0045 or 2 3 percent 


12-4 NUCLEAR RADIATION 

In the following sections we shall Ire concerned with methods for 
detecting nuclear radiation A detailed eonsideration of the origins 
of such radiation is quite beyond the scope of this discussion, but a 
fow introductory remarks are appropnate in order to categonre the 
t^rs of nuclear radiation and indicate some of their particular 
* nracteristics A detailed discussion of the principles of nuclear 
fa lation is given by Kaplan [8] ; Price (10] presents a comprehensive 
apprrisal of the subject of nuclear radiation detection 
,, " ® be concerned with the detection of four kinds of nuclear 

lation ( 1 ) alpha (a) particles, (2) beta (0) particles, (3) gamma 
\ *^"'1 (4) neutrons An alpha particle n a helium nucleus 

Pani I ^ P°'***‘*^e charge of 2 and a relative maw of 4 A beta 
OOOftUQ^ ^ f’fgatively charged electron hasdng a relative mass of 
• The neutron has a zero chai^ and a relative mass of 
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unity. Gamma rays are high-energy electromagnetic waves which 
result from nuclear transformations and, as such, do not have mass 
or charge in the classical sense. They may, however, produce 
ionizing effects in their interaction with matter. Alpha particles 
are absorbed rather readily in many materials, beta particles are 
usually more penetrating, and neutrons and gamma rays are the 
most penetrating types of radiation because thej' usually have 
higher energies and do not interact with coulomb force fields when 
entering a material. The interaction of these nuclear radiations 
with particular materials is a very complicated subject and forms 
the basis for nuclear-shielding applications. Our concern is with 
the detection of these tj*pes of radiation. 


12-5 DETECTION OF NUCLEAR RADIATION 

Nuclear radiation is detected through an interaction of the radiation 
with the detecting device which produces an ionization process. 
The degree of ionization may be measured with appropriate elec- 
tronic circuitry. Two types of detection operations are normally 
performed; (1) a measurement of the number of interactions of 
nuclear radiation with the detector and (2) a measurement of the 
total effect of the radiation. The first type of operation is a count- 
ing process, while the second operation may be characterized as a 
mean level measurement. The counting operation frequently 
ignores the energy level of the radiation, while the mean level 
measurement is used for determining the energy level of the irradia- 
tion. The popular Geiger-Muller counter is typically used for 
nuclear counting operations, while ionization chambers and photo- 
graphic plates are used for energy-level measurements. Scintillation 
detectors may be used for both counting and energy-level measure- 
ments. We shall discuss these different types of detectors and 
indicate their range of applicability. 


12-6 THE GEIGER-mULLER COUNTER 

A typical cylindrical-tube arrangement for a Geiger-MGller tube is 
shown in Fig. 12-8. The anode is a tungsten or platinum wire, 
while the cylindrical tube forms the cathode for the circuit. The 
tube is filled with argon with perhaps a small concentration of 
alcohol or some other hydrocarbon gas. The gas pressure is slightly 
below atmospheric. The ionizing particle or radiation is trans- 
mitted through the cathode material, or some window material 


SS 
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FJt^ 12-S. Typical cyllndrfeaMubearran^ment fcr 
a Cel^et-Mullercounter. 


"mstaUed therein, and through mteraction with the gas molecules 
produces an ionization of the gas If the voltage E is sufficiently 
high, each particle will produce a I'Oltage pulse The countirg 
performance of the tube is indicated io Fig. 12'9. The plateau 
region typically slopes slightly upward at a rate of from J to 10 
percent per 100 volts The tube must be operated in the plateau 
region which has a width of approximately 200 volts for commerela! 
tubes, ^^'hen the particle causes a discharge or puUe, there is a 
time delay before the tube can detect another particle and register 
another pulse. This delay is roughly the tune required to recharge 
the anode and cathode system. t.e , to establish a new space charge 





Eicpcrimerttal methods for engineers 


Rndiation 



Fig. 12-10. 



Construction of an end-type Geiger 
counter. 

in the gas. The counting rate of the G-^I tube is thus limited by 
this delay time. The maximum counting rates are of the order of 
10‘ counts/sec. 

.\n end-type Geiger counter tube may be constructed as shown 
in Fig. 12-10. This type of tube is used for counting a and j3 
particles and low-energj' y rays. For these low-energy radiations 
the nindow is usually a thin sheet of mica or Mylar. 


12-7 IONIZATION CHAMBERS 

An ionization chamber may be constructed in basically the same 
way as the Geiger counter shown in Fig. 12-S except that the tube is 
operated at a much lower voltage. This region of operation is indi- 
cated in Fig. 12-9. The arrangement may be modified, however, to 
accommodate specific applications. A schematic of a typical par- 
allel-plate ionization chamber is shown in Fig. 12-11 according to 
Price [10]. In operation, the chamber is charged with a voltage 
which is high enough to ensure that electrons produced by the 
ionizing radiation will be collected on the anode. The voltage is 


CoUectmc 

v-olUnpo 



Flt< 12-11. Para!lcl-plate {onixatlon chamber according to Ref, (101, 
S7fl 
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not «!0 high that it triggers excitationofotherroojfn/fps l;y#-Ie'*tron’i 
produced in the lonizat/on proew. Thi* U in contra't to (fi«- 
operation of the G-AI counter fthich fias 4 «iffi<*Jfnily hfgfi voltapf 

that once ionization is efTected by the incoming radiation, rii(/*e/’jiierit 

ionization of other molecules aho t»k« place in an av'altnch»' fa»h'on 
which produces the voltage pulse used for counting. To tr'-vure 
the energy* level of the incomfng radiation, a nK4»rxfeTncnt v made 
of the output current of the device or adcterjniaatioo i*. n«dc of tl**- 
charge released m the chamber o'.er a penod of ticic. TTj* ioniza- 
tion chamber may also be used a* a pul'C-type <!•»>** for tb»* rr-cas'if*- 
ment of the number and enerpe- <i V.!zj>-c".*rzy alpha 
In this application a measurement of i* 

made in order to determine Iheencrzy Icrd* <d tic 

12-8 PHOTOGRAPHIC OCTCCTION 
METHODS 

When certain type- of photograph.* i n:.* a.** w sry>ts 

radiation and •vb't'^ueniiy derehf*d cptrrr d pr^'Mi.tr 
be taken &3 an indicaiionof the total as-'. ^ v. 

the film during the time of erpony* fiary £>.* t** 

available for nuclear radiation • tai ti_-* s^bv: >• 

pntR&ty One u«e<i for measuring '■ '-i. ftr 

worker* in atomu energy in*ta2aw''i Lei 

badge may be u^ed 'or detecting « and £ jv* -• ss7> aim 
tron«. In order to a»e a •mal' *- ^s- — t' 

exposure rare* to fh'’ different typer cf ri>i - nc. 

or windoirs. may b^' '■oninirtedina 

of filter is placed over^ach windw wtiar -i.* -x* ef rssLsrrr; 
IS permitted toftnkc tnepboto^rafr^*^— t=-vc*eae!t •'.'C.-n.'.-r 
Thus, the opacity 0/ I'c dcTeit-p*d ir— sc •wei er .i^ 
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circuit will include appropriate electronic counters. The scintilla- 
tion counter may also be used for measuring the energy of the 
incoming radiation since, for certain crj'stals, the intensity of the 
flash of light is proportional to the energy of the radiation. 

A number of scintillation materials are used, including both 
solids and liquids. The selection of the proper type of material for 
detection of specific radiations is discussed by Price flO] and Birks [3]. 


12-10 NEUTRON DETECTION 

The three detection methods described above depend on an ioniza- 
tion process caused by an interaction of the a, P, or y radiation with 
a gas or scintillation material. These detectors ma 3 ' not be used for 
neutrons because neutrons do not produce an ionizing effect. For 
this reason, the measurement of neutron flux is usualty an indirect 
process which involves the utilization of an intermediate reaction to 
produce some tj’pe of ionizing radiation (a, /S, or y rays) Avhich may 
then be used to indicate the incoming flux. A %’ariety of neutron 
measurement devices are available, and the tj'pe which is nsed in 
practice depends stronglj' on the energj’' level of the neutrons to be 
measured and the total neutron flux. We shall discuss the principles 
of operation of onlj' one tj'pe of detector which is applicable for the 
measurement of thermal neutron fluxes {E 0.025a') . 

A typical reaction which is used for neutron detection is the 
interaction of neutrons with B’” to produce Li" and an alpha particle. 
The alpha particles ma 5 ' subsequently produce ionizations in a gas 
and corresponding voltage pulses. The reaction is utilized in two 
w.ays: (1) The boron is present in the form of boron-trifiuoride (BFj) 
gas and placed in a chamber very' similar to the G-M counter shown 
in Fig. 12-8, The potential difference between the central wire and 
the cylindrical shell is about 1,300 volts. The wire diameter is 
about 0.002 in., while the cj-linder diameter is about 1 in., with a 
length of about 6 in. (2) An alternate method of utilizing the B'" 
(n,a) reaction is shown in Fig. 12-13. The inside surface of the 
cylinder is coated with B‘», while the volume is filled with helium 
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> 12*12. Schematfc of a scintillation counter. 
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FIj. 12-13. DIaxram «l a B-^Hned neutron counter. Filiinr gat h he- 
Hum plus S percent ether at 10 cm Hf pressure. From Ref. 
1121. 


and 5 percent ether at 10 cm Hg pressure The sensitivity of ti 
typical BF, detector is about 1 0 count? ?w per unit neutron flux 
The sensitivity of the boron'coated chsmbcr is about 5 to 10 
counls/sec per unit neutron flux Neutron flux is rnea<ured in 
neutronV«n*-sec. 

If sufficiently high neutron fluxes are encountered, t he detector 
may be operated as a current-sensitive device The current output 
is then proportional to the incoming flux Currents of about 0.1 ma 
may be obtained for neutron flusf<of 10'* neutrons /cm’-sec 


12-11 STATISTICS OF COUNTING 

We have already seen that many nuclear radiation measurements 
rely on a counting operation In this «cction xvc wish lo consider 
the statistics associated with such operations and indicate the pos- 
able errors involved 

In a given sample of radioactive material there are a large nom- 
ber of atoms and the probability that each of these atoms will dt(V 
is quite small The probability that n atoms wilJ decay is gicen if 
the Poisson distribution (Eq (3-9)} as 
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where 

Kp = n 

N = total number of atoms 
p = probability that each atom will decay 

Equation (12-3) is pcncrally valid for N > 100 and p < 0.01, and 
the standard deviation of the distribution may be shown to bef 

cr = ( 12 - 4 ) 

The quantity n repre-sents the average number of radioactive decay.«! 
recorded in a series of observations. The radioactivity of a certain 
sample of material might be stvtdied by observing the number of 
particles or 7 rays given off in specified increments of time. The 
counting operation could be performed with a G-M counter or other 
device. In general, the number of counts in a fixed interval of time, 
say 1 min, might vary considerably. Several counts would be 
t.aken, and the arithmetic, average of the number of counts in each 
time interval is given by li. The standard deviation of the measure- 
ment would bo given by Eq. (12-4). In the above and following 
equations, n is taken to represent the average number of counts. 

The parameter which isof interest in an experimental determina- 
tion is the couniing raU defined by 


r = 


n 

7 


(12-5) 


where I is the elapsed time for the average number of counts n. The 
accuracy of the determination of the counting rate depends on the 
number of counts and the time /. 

When a counting measurement is made to determine the count- 
ing rate, the detector senses not only the signal from the radioactive 
source but also some background signal which is the result of 
spurious radioactixnty of the environment. A separate mc.asure- 
ment must be made of the background counting rate and this infor- 
m.ation used to determine the counting rate resulting from the 
radioactive source. The counting rate and its associated uncer- 
tainty is written as 


r = r + ir. 

The counting rate for the source is 


( 12 - 6 ) 


r, = rr — r> 
t Sec Ref. [lOJ, p. 56. 


(12-7) 
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where ry is the total couotjjjg rate and fi is the eoimtinK rate due to 
the background Theuncortaintyiu fhesoureccodaktig rate i« thus 

«?, * (uJr* + (12-8) 

where wr and tr» are the uncertainties in the total and KicJiproifrid 
counting rates respectively Tbe uncertainties for these rounlinc 
rates may be estimated through the use of the standard deyi ifion 
for the Poissoo distribution given by Kq (12'4) if <fw nuclear radia- 
tjon satisfies the conditions for this distribution Tlie accuracy of 
the countirig-rate moosurement Is clearly dependent an (he fengiii 
of time available for the measurement A longer time affords the 
opportunity for obsers’atiou of a larger number of coujUs and hence 
the establishment of a belter average couiiling rate Ksampir 12-5 
liiustrates the use of the above relations for determining coonling 
rates 
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A certain radioactive sample is observed, and (he total and hnrkarounil 
coantmg rates are approximately 800 and 35 count'/ mm rc-pirtively Jf a 
total time of 45 mia is available for both louniing mrasuremrnis, cstimafo 
(he apportionment of ihN total lime such that there is minimum uncer- 
tainty in the source counting rate 

Solution. We may assume that bo>h (he soune and background 
counts folloA' the Poisson distribution so that the unccriainU is jiropor- 
(lonal to (he standard deviation, i e , 


= lid 
ffr = Hr* 


Thus, 



’^tere l., t,y and h are the counting limes for the source, background, and 
total respectively. 5Ve have also 


“ fJt n* sa 


(b) 




“ Crfr 
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in accordance with Eq. (12-8). We wish to optimize w. by proportionment 
of the times h and It in accordance with 


lb + It = const = 4o min 

Thus, we optimize Wi by setting dtc,/d(i = 0 and obtain 

o - n - It 

dli ~ ° h- It- dll 


From Eq. (d), 



so that the optimum condition is 



For the given counting rates, 
b + (r = 45 

r = = 0-2091 

It 


(d) 

(e) 


(/) 


and It = 37.2 min; b = 7.S min. 

In the above calculations it has been assumed that the time interval is 
accurately determined and that the uncertainty for this determination is 
zero. 


Example 12-4 

For the estimated counting rates given in Example 12-3 calculate the 
optimum total time necessary to give a standard deviation of the source 
counting rate of 1 percent. Repeat for total and background counting 
rates of 400 and 100 respectively. 

Solution. The nominal value of the source counting rate is 
r, = tt — Ti = 800 — 35 = 7C5 counts/min 
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Also, /rom relation (/> of Evamplc J2-3, 

—'(a* 

«o that 

^ Wrrl + r») 

“ 5^S I^35)»fS00)> + 800] = 16 5 mm 
The total counting lime is h + tr, or 
«... - (1 209)(16 5) » 20 mm 

for total and background counting rates of 400 and JOO, 

r. n 400 - 100 •» 300 counfs/'min 

».* - l(001)(300i)' • 9 

if - il(100)»{400)» 4- 400] « 60 7 mm 

The total counting time i« 

66 7i{|§J)i+. 1 ) - 300 mm 


Exomple 12-5 

A radioactive sample is observed over a penod of 30 min, and a total 
of 21,552 counts is recorded The sample tv then removed, and the back- 
ground radiation is observed for anot her 30 mtn. The background produces 
li850 counts. Calcul.ate the source counting rate and its uncertainty 

Solution We have 

rr = 21,552/30 *= 7JS.1 eounfs/min 
r* ® 1,850/30 =e 61 7 counts/min 
SO that 


r. =• 7l5 — go B 653 counts/min 
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The slandsrd dexiatioa of the source counting rate is calculated from Eq. 
(r) of Example 32-3. 


(? 



= 5.0S counts, min 


Tne odds cn this uncertainty are 2.15 to 1 in accordance with Table 3-3. 


PROBLEmS 

12-1 Consider the thermistor detector and radiation source of 
Example 12-1. Instead of the bare detector an optical sj's- 
tem collects the radiation over a circular area of radius r and 
focuses it on the detector ’svhich is maintained at 70'F. Plot 
the source temperature necessan- to maintain a signal-to-noise 
ratio of 200 as a function of the radius of the collecting optical 
system. .Issume that the distance between the source and 
detector is 3 ft, as in Example 12-1. Xeglect lo.sses in the 
optical sj’stem for this calculation. 

12-2 Repeat Prob. 12-1 for distances of 6 and 12 ft between the 
source and detector. 

12-3 A thermocouple detector has characteristics such that the 
minimum input power necessary to produce a signal-to-noise 
ratio of unity is 3 X 10~‘ watt, A 2-in.-diam optical sj'.stem 
collects the input thermal radiation and focuse< it on the 
thermocouple. The oplicai-thermocouple system is to be 
used to mca.=ure the temperature of a 2-in. black sphere 6 ft, 
away. The themrocouple bead is m.aintained at a tempera- 
ture of 70^F. Estimate and plot the uncertainty in the tem- 
perature measurement as a function of the temperature of the 
sphere. 

12-4 The apparatus of Example 12-2 is used for an emissivit}- 
determination between the temperature limits of 300 and 
lOOO'F. Plot the percent uncenainty in cmissi^^ty as a 
function of T, for nominal emis-sivitics of 0.2 and O.S. Take 
the uncertainties in radiometer temperature and output 
voltage as 

tcr, = ±0.5®F 
mr = 0.00,5 mv 

The uncertainty in the source temperature is taken as 4; 1.0'’F. 
A radioactive sample is observed, and the total and back- 
ground counting rates are 500 and 100 counts, ’min respec- 


12-5 
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lively. Estimate the total (ive i«ec<ssar\ to produce a 
standard deviation of 2 percent ic. tVe ncriins] •ou’-ce count- 
ing rate. Repeat for counting rafts ef 100 and ?2. 

12-6 The following counting data ere collected on a ntciioacfne 
sample. Each of the number cf counts i<» Uken in an e^act 
time intcr\'al of I min The b.ackEfou«d codnt'ng rate is 
known accurately as 23 counts 'mm ralcuUte th'’ nominal 
value of the source counting rate and tlie uncertainty jn this 
rate Apply Chauvenet's entenon to eliminate some of the 
data if necessarj’ Assume that the PoH^on distribution 
applies. 


InlfTval numbtr A'fl of eounli 

1 S23 

2 410 

3 342 

4 305 

3 400 

6 eu 

7 647 

8 510 


IM Alter s set of radioactive counties mea-uremenls has been 
made, it is found that the timing device has been tpunous in 
operation A set of calibration measurements on the tuner 
has given the standard deviation of the time-interval mei-ut^ 
menls as v, Using the approach taken in Esample 12-3, 
derive an expression for the standard deviation of the sou ee 
counting rate m terms of the standard deviations of the num- 
ber of background and total counts and the etandard devia 
tion of the time interval 

12-8 Derive an expres.«ion for the optimum time ir under the con- 
ditions that r» « f.. Expres-s in terms of <r. and r, 

12-9 Plot the optimum counting time from Prob 12-8 as 


versus 


T, r. 

10 Under the condition that the total number of counm for both 
the background and sample mcasuremeuta is limitM, , 


n» + nr = ^ = const 

show that the minimum error condition is 
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and the iota! counting time for the background and sample 
measurements is 


h + it = 


2K 

2rt + r. 


^ Plot 


Ub ir)r, 
K 


versus 


n 


r. 
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chapter 13 


Basic industrial control 
arrangements 


13-1 INTRODUCTION 

Previous chapters have described many devices which are u«ed to 
measure physical vanables «uch as temperature, frequency, vibration 
amplitude, etc In Chap. 2 «e indicated that these measurement 
devices would be important in control applications The functions 
of a control device are to sense (he output from the measurement 
device, compare this signal with some predetermined value or "set 
point," and then institute a control action which will bnng the 
process variable in agreement with the desired condition These 
functions are not simple if precise control is to be maintained 

In this chapter, it is our purpose to discuss some of the more con- 
ventional industrial control schemes and to acquaint the reader with 
the terminology which describes these methods The presentation 
H nece.ssarily superficial but should serve as an aid m matching 
■nstniments for specific measurements with a de«ired control objec- 
tive The material in the previous chapters, particularly those dis- 
cussions pertaining to transient response of the vanous instruments, 
may then be viewed in an overall perspective as it pertains to the 
Control of process variables. 

Let us first consider some of the terms which are important m 
control technology. Suppose a thermocouple is subjected to an 
environment whose temperature is changing with time In general, 
the thermocouple will not indicate the correct temperature of the 
environment at a particular instant of time but will respond in a 
manner like that shown in Fig 13-1. There will be a certain /o? or 
fop lime necessary for the thermocouple to catch up with the change 
m environment temperature At any particular time the difference 
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Fig. 13-1- Diagram Indicating dynamic error In 
measuring Instrument. 


between the actual temperature and the indicated temperature i? 
called the dynamic error. At steady-state conditions there may still 
be a difTerence between the actual and indicated temperatures for 
reasons discussed in Chap. 8. Under thc.se conditions the error is 
called a sialic error. In this chapter wo shall be primarily concerned 
with dynamic errors and shall ns.sumc that the static errors either 
arc zero or may be corrected by an appropriate analysis. The mate- 
rial in Chaps. 3 and S would be useful for making such corrections. 
Clearly, the speed of response of a control setup will be dependent on 
the lag and dynamic error of the primary measuring device. 

The sensitivity of indicating or controlling instruments deter- 
mines the dead lime of a process.change. For c.xaniple, a .self-bal- 
ancing potentiometer circuit might be used to sense the output of the 
thermocouple discus.sed above. Such an instrument niight have an 
equivalent millivolt sensitivity of ±1°F. Thus, the environment 
temperature would have to change by 1°F in order for the instrument 
to indicate any change at all. The time necessary for the environ- 
ment temperature to change by this amount would then be the 
dead time. In this example we say that the instrument ha.s a dead 
zone of ±1®F. 

The purpose of these introductory' remarks is to indicate the 
fact that the lag, dyn.amic error, and dead time ail influence the 
accuracy with which a certain variable may be controlled. The 
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13-2 ON-OFF OR TWO-POSITION CONTROL 

The oMir or t»o-poeilion control orhemo hpochapo tli. .impleet one 
avnilable. Mo,t thermostat control anilclice in the homo operate 
on (his pnnciple. Typically, a bimetallic strip is ii«ed to sen^e the 
room temperature. When the temperature drops below a certain 
value the strip bends and closes an electric contact v.hich is con- 
nected to the room heater. ^Tien the room becomes sufSciently 
warm, the strip bends in the other direction and the contact is 
broken. The set-point or desired room temperature is established 
through a mechanical movement of the contact position with respect 
to the birnetallic strip. In this example we see that only the on or 
off operations are possible and that the temperature must be a 
certain number of degrees above or below* the set point in order for 
one of the actions to fake place This region is called the neutral 
tone, and its width is dependent on many factors, including the 
thermostat construction, room site, and others, “nie ratio of the 
width of the neutral lone to the «ct point is called the repulaiion. 
The simple on-off control scheme has many applications where a 
Simple, inexpensive control device is desired 

On-off eonf fols have the disadvantage that they may cycle quite 
often under hoavy-load conditions In the case of the simple home 
thermostat wo can see that the device would cycle much more often 
In below -zero weather than in, eay, 40*F weather. In some instances 
>l IS undesirable to have rapid cycling because of exceseive electnc 
power drain or excessive wear on pumps, valves, etc 

As another example of two-po«ilion control consider the follow- 
ing application. An outdoor tank at a chemical plant contains a 
liquid which must be maintained at a fixed temperature, say 85* T 
for use in certain processes The ambient air temperature may be 
above or below this value, depending on the time of day, time of 
year, etc. Thus, neither an on-off heating or an on-off cooling 
System can accomplish the control objective. Sometimes heating 
wnll be required, and sometimes cooling will be required Suppose 
mat Water is used as a coolant along with steam as a heating fluid 
® might then install a two-position control which would open the 
water valve when the temperature rose above the set point and open 
® steam valve when the temperature dropped below the set point. 

8 ong as the temperature remained within the neutral zone neither 
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valve would be opened. Such a system is frequently called a high- 
low control. 


13-3 FLOATING CONTROL 

Let us now consider a type of control system which is suitable for 
applications where gradual load changes occur. Wc shall take the 
home thermostat as an example again. Let the thermostat be con- 
nected so that there are two contacts which will control the fuel 
supply to the heating system through a motorized valve on the gas 
or fuel oil supply. The circuit is connected so that when the tem- 
perature falls below a certain set point a contact is energized which 
causes the valve to close. As long as the heating demand just 
matches the supply, no action is taken bj' the control and the valve 
remains in a fixed position. The range of temperature for which no 
action is taken is called the dead zone, as mentioned previously. 

The name floating control arises from the fact that the control 
element (a valve in the above example) “floats” when there is no 
change in demand. This type of control system may be adapted to 
control processes where there are gradual load changes. When there 
are rapid load changes, the sj'stem reduces to a two-position control 
system. The speed of the valve or control clement is an important 
factor in determining whether the .system will cycle or "hunt.” In 
many cases it is possible to varj' the speed of a motorized valve to 
achie%’e optimum matching with the proce.ss which is to be controlled. 
Floating control is generally unsuitable to the control of systems with 
appreciable lag because it may produce cycling more severe than the 
simple two-position control. 


13-4 PROPORTIONAL CONTROL 

In the floating control system only a single-speed action is performed 
and the control valve only moves toward one of two positions: 
closed or open. The point at which the valve stops is dependent on 
the lag time of the primarj' indicating element and the lag time of 
the overall system which is being controlled. With proportional 
control the position of the control element is a linear function of the 
deviation of the controlled variable from the set point. For the 
thermostat system described above the control valve would be 
opened more if the room temperature dropped 10° below the set 
point than it would if the temperature dropped only 5°. The 
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range of operation over hich the proportional control h ererteri 
called the proporhonal band Tb>>? band is usually espressi-d a 
percentage of the full-scale range of the indicating dtr/icc. Propo'- 
tional bands are usually variable nith most commercial controllers 

A typical electrical proportional control system might u’p a 
bridge-potentiometer circuit to provide the proportional action with 
a manual adjustment on the set point. The deviation of the control 
variable from the set point is indicated with a soltage-divider slide- 
wire. In the valve motor is a similar slide-wire which indicates the 
valve position The deviation from the set point and the valve 
position are then compared with a bridge circuit This circuit then 
actuates appropriate relays which open or dose the valve in accord- 
ance with the desired proportional band If may be noted that the 
wider the proportional band, the smaller the valve movement for a 
given deviation from the set point 

The advantage of proportional control is that (here is matching 
of controller position with specific changes in the indicated variable 
For each deviation from the set point a specific controller setting is 
called for This advantage, however, becomes a disadvantage w-hen 
one examines the controller response to change in load, i.e , a chanp 
in the process variable which is being controlled. Consider a certain 
temperature-control system which is in balance with the set point 
maintained by a proportional controller. Now let there be a change 
in the temperature ao that the controller mu>t move a control valve 
to a new position svhich is determined by the deviation from the set 
point. The temperature change has resulted from some change in 
load requirements. The controller can act to compensate for 
change by moving the valve to a new position; however, it n^y 
noted that for each temperature, i e , each deviation from the set 
point, there is only one corresponding valve position. Thus, w i e 
the proportional controller can react to the change in process os , 
it could never bring the temperature back into agreemwt wit t c 
set point because the valve position corresponding to the set-point 
temperature will not match the load requirements. As a result of 
this behavior there will be an offset between the set point and the 
controlled variable when proportional controllers are used in si ua- 

tions where there IS a sustained process-load change 

The offset charactenstic may be alleviated through the use of 
Ttsel action. Manual reset provides a control whereby t e proper 
tional band may be shifted to account for the offset due to process- 
load changes In the above example the proportional band could Pe 
shifted so that the valve position corresponding to the set pmnl 
would be either greater or lower, depending on whether the load has 
increased or decreased 



CtmtrolUHl 

Control vnlvr vnnnbU* 


Experimental methods for engineers 




Fig. 13-2. Diagram Illustrating proportlonal-plus-resct con- 
trol action. (Courtesy Mlnneapolls-Honeywell 
Co.) 


We now see that proportional control can eliminate the cycling 
which is present with the two-position control but that the problem 
of offset is encountered. This maj' be alleviated with the manual 
reset but is generally undesirable when rapid load ch.anges are 
present. Thus, the proportional control with manual reset is best 
suited to those processes Avhich have rather slow and moderate load 
changes. 

The proporlional-phis-reset control is one which provides auto- 
matic reset to compensate for off.set due to load change. In a 
typical controller the amount of reset is governed by two things: the 
deviation of the controlled variable and the time duration of the 
deviation. Thus, the greater the deviation and the longer it persists, 
the greater the re.^et action will bo. When the controlled variable 
again returns to the reset-point value, the reset action -sfop.s. Figure 
13-2 indicates the effects of proportional and proportional-plus-reset 
action resulting from the rhnngc in the controlled variable shown. 

It is seen that the proporlionnl-plus-reset control takes the 
smooth control features of the proportional control and combines 
them with reset action to eliminate ofTset. This combination con- 
trol is thus an effective means for compensating for process-load 
changes without cycling, provided that the system lag time is sm.all. 
The system lag time is a combination of the lag time of the primarj' 
indicator device and the speed of response of the control clement. 
If -system lag time is too largo, the proportional-plus-rcset control 
mny develop overshoot and cycle to such an e.xtent that effective 
control is not maintained. 
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A: Proportional action 


B. Rate action 

C. ‘ Proport5onal*p\us* 
rate action 

Time 

Fig. 13-3. Diagram Illustrating proportional-plus-rate 
control action. (Courtesy Mlnneapolls- 
Honeywell Co.) 




Controlled variable 



Proportional action 


Reset action 


Rateaerton 


Proportional-plus- 
reset'plus>rate action 


'Hme 


Fig. 13-4. Diagram Illustrating effects of three types of control 
action. 
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Table 13-1 Summary of applicability of various control modes. (Courtesy 
MinneapoIIs-Honeywell Co.) 


.Mode oj conlrol 

' Proaii-rtattum 
^ rOU 

Transfer \aq 
or itod line 

Proeesidoad 

eftanjet 

TtBo-pottlion 

Slow 

SUgfit 

Small and elow 

Froportiofiat 

Slow or iDoderale 

Small or moderate 

Small 

Propori{onal-plu»-raU acttoti 

Slow or rood«rate 

Unlimited 

Small 

Proportional-plu* rtitl 

Unlimited 

Small or moderate i 

Slow, but any amount 

Proporltonal~plut-reut, plui-ra/e 

Unlimited | 

Uolimitad , 

Unlimited 


methods described above In general, the simplest control system 
which will do the job is the one which should be used Invariably, 
the selection of a control system is influenced by economic con« 
siderations so that desirable control objectives may be relaxed in 
deference to a consideration of the funds which are available An 
elaborate control system could be devised to maintain the air tem- 
perature in an ofSce aithin ±I*F However, the cost would be 
much higher than that for a system to mamtam the temperature 
within ±4*F. The one-degree control would be dcjirolile, but the 
prudent businessman will probably decide that the four-degree sys- 
tem will be satisfactory in view of the money he will save On the 
other hand, a delicate chemical process might require temperature 
control within ± l*F in order to avoid excessive rejections m the 
final product In this case, a less accurate and less expensive con- 
trol system, though least expensive from the standpoint of capital 
expenditure, might result in less economical operation on a long-term 
basis 


PROBLEMS 

13-1 The heating system for a building uses steam which is sup- 
plied at a constant pressure and temperature regardless of 
load. Discuss the operation of the ajratem using each of the 
control systems in Table 13-1. CoMider the following 
situations. 

a. Normal operation, day and night, with only about^SO 
percent of the available capacity required or 
the coldest nighttime conditio 
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h. Siuni! fw a but with 90 percent of steam rcquircti under 
mosl. severe conditions 

c, Same as a i)Ut a ‘'idue norlitcr” inis i)» tin; afternoon and 
suddenly lowcra the ouiside temperature by dO^F 
il. Same as c but the system is idreaiiy operating near 
capacity 

c. Same as a but with only 20 percent of steam required 
under most severe conditions 

13-2 A simple liquid-level control on a water-supply tank uses a 
float-operated switch which ncUiates a solenoid valve to supply 
additional water to the tank. When the level drops below a 
certain point, Uie float closes the switeh and water is added at 
a constant rate, When the level rises to the specified value, 
the float. l)reakB the switeh conlmU,, Discuss tliis control sys- 
tem eoasidering the following factors as they relate to the 
accuracy of control, i,c,, accuracy with which the liquid level 
may he maintained; 

a. Tank capacity and size, Capacity cross-BCctional 
area X depth. 

l>. Dead zone in the float-actuated switch, 
e. Water-supply rate. 

d. Water-drainage rate or loss rate. 

Under what conditions would you tliiuk that a more sophis- 
ticated control system would he desired? Describe a possible 
pliysieui setup for each of the eontro! .systems in Table J3-1, 
and indicate the conditions under wbieli they would be needed, 
13-3 A water heater is constructed ns shown in the accompanying 
figure. Tlie inlet water temperature and water flow may vary 
over a rather broad range, but Ibe outlet water temperature 
is to be maintained at a constaTfl value within certain toler- 
ance limits. Tile coolant may be vised to lower the water 
temperature wlien the inlet temperature is above the set point, 
and the eicclric healer may be used to raise the temperature 
,w!ien (ho temperature at inlet is too low. Describe suitable 
physical setups for each of the types of control systems indi- 
cated in Table !3-l, and indicate their respective applicability 
to the problem considering tlu; influence of the following 
factors; 

a. The coolant capacity of the tank 
h. The rc.sponsc time of tlie powerslat and electric liealcr 
c. The response time of the motorized valve 
rf. The rate of change of the inlet water flow and water 
temperature 
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e. The degree to which either the electric heater or the 
coolant is operating at its maximum capacity 

Codanl 

Control uilet 
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Data acquisition and 
processing 


Id-l INTRODUCTION 

AU the previous chapters have illustrated, in one way or soother, 
the manner in which an expenment can be planned to collect mean' 
ingful data. Selection of proper iostrumentatiOD and analyses of 
expenmental uncertainties are aU part of the planning process 
But, nothing has been said about the manner of collecting data and 
later processing of these data to produce the desired results of the 
experiments The acquisition of data night consist simply of 
several people (or perhaps only one person) reading a number of 
instruments and recording the observations on a data sheet The 
processing of data could be done in many ways, from simple slide' 
rule calculations to a complicated dii^tal-compuler routine. 

There are systems available today for rapidly collecting a great 
bulk of data, processing it, and displaying the desired results in 
printed form. The purpose of this chapter is to present a bnef 
qualitative description of such systems and the functions of the ele- 
ments which go together to make up an overall data-acquisition and 
processing installation. 


14-2 THE GENERAL ACQUISITION SYSTEM 

The essential clement in a modem data-acquisition system is the 
instrument transducer which furnishes an electric signal that is 
indicative of the physical variable bemg measured. The signal may 
be voltage, current, resistance, frequency, or electnc pulses Our 
discussion assumes that suitable transducers are available to convert 
the physical variables of interest into electric signab As examples 
of such transducers we may recall that a thermocouple gives a 
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14-1 INTRODUCTION 

All the previous chapters have illustrated, in one way or another, 
the manner in which an experiment can be planned to collect mean- 
ingful data. Selection of proper instrumentation and analyses of 
expenmental uncertainties are all part of the planning process. 
But, nothing has been said about the manner of collecting data and 
later processing of these data to produce the desired results of the 
experiments. The acquisition of data might consist simply of 
several people (or perhaps only one person) reading a number of 
instruments and recording the observations on a data sheet. The 
processing of data could be done in many ways, from simple slide- 
rule calculations to a complicated digital-computer routine. 

There are systems available today for rapidly collecting a great 
bulk of data, processing it, and displaying the desired results in 
pnnted form. The purpose of this chapter is to present a bnef 
qualitative description of such systems and the functions of the ele- 
ments which go together to make up an overall data-aequisition and 
processing installation. 

14-2 THE GENERAL ACQUISITION SYSTEM 

The essential element in a modem data-acquisition system is the 
instrument transducer which furnishes an dectric signal that is 
indicative of the physical variable being measured The signal may 
be voltage, current, resistance, frequency, or electnc pulses. Our 
discussion assumes that suitable transducers are available to convert 
the physical vanables of interest into electric signals. As examples 
of such transducers we may recall that a thermocouple gives a 
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voltage representation of temperature, a strain gage gives a resist- 
ance representation of strain, and so on. 

The object of a data-acquisition system is to collect the data 
and record them in a form suitable for processing or presentation. 
Thus, a recording potentiometer is a simple data-acquisition system 
which may be used for collecting temperature data from thermo- 
couples. In this case, the data points must be read from the recorder 
chart. A more complicated system might convert the voltage signal 
from the thermocouple to a digital signal which could be used to 
operate a printing recorder so that the numerical value of the tem- 
perature is printed on a sheet of paper. Such a system is much 
more complicated than the simple voltage recorder because of the 
digital-conversion process. It is easy to see, however, that the 
digital output has manj' advantages. 

The general data-acquisition system has three stages: 

1. The input stage which consists of appropriate transducers and 
signal-conditioning circuits (amplifiers, filters, etc.). 

2. A signal-conversion stage rvhich converts the input signal to a 
voltage and subsequently expresses this voltage in digital form. 
The conversion to digital form is made by converting the voltage 
to frequency which, in turn, may be used to drive electronic 
counting circuits. The conversion is essentially a frequency- 
modulation process. 

3. An output stage which takes the digital signal and expresses it 
in printed form on a sheet of paper, plots the data on graph 
paper, punches the data on cards, or stores the data on magnetic 
or punched tape. The output stage must include suitable 
coupling circuits to express the digital signal in a form for 
driving a printer, card punch, magnetic tape, etc. 

A schematic of this general system is shown in Fig. 14-1. 
The analog to digital converter is the conversion stage. 

It is a rare circumstance when data in only one variable are to be 
collected. The data-acquisition system, then, should include pro- 
visions for collecting multiple channels of data inputs. This collec- 
tion process could be accomplished by having a channel like the one 
shown in Fig. 14-1 for each variable to be studied. The cost of such 
a system, however, would be quite high so that a scanner/programmer 
is normally employed for multiple-channel work. The scanner is a 
device which samples the data channels in rapid sequence so that 
only one conversion and output stage is necessary. Commercial 
de%nces are constructed so that any particular sequencing of 1 to 
100 channels may be used at the discretion of the laboratory 
personnel. Thus, the system may be programmed to collect any 


3S4 



Data aequimion and praewiln* 



F'is* 1A*1. Schematic af a general data^acqultltlon cystem. 


desired range of variables, and the device is called a scanner/ 
programmer. The scanner may be considered as part of the input 
section of the general data-acqulsilion system 

Many experimental programs Involve the collection of data at 
regular time intervals or m some particular time sequence The 
acquisition system may perform this timing function automatically 
by incorporating a digital clock and time standard in the scanner 
and/or converter stages. 

Finally, it may be advantageous to apply signal conditioning to 
the output of the seaaner/programmer. This conditioning might 
be ampliiication, voltage to frequency conversion for only a few of 
the channels, filtenng, distortion or harmonic analysis of the wave- 
form of some of the signals, etc When all the above elements are 
combined, a very flexible data-acquisition system results, as shown 
in Fig. 14-2. It may be noted that the programmable feature of the 
scanner is normally used in the converter stage as well This is 
essential since some channels may require signal conditioning while 
others may not. 

The use of a flexible data-acquislion system like the one 
described above depends on many factors, not the least of which is 
cost. Such systems are expensive The expense may be entirely 
justified however in an installation where large quantities of data are 
to be collected. 

14.3 DATA PROCESSING 

The digital computer is undoubtedly the most suitable means for 
processing large quantities of data. By processing, we mean the 
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Fig. 14-2. Schematic of a multichannel dota-acqulsltlon system. 



Fig. 14-3. Combined dats-aequlsltlon and processing system. 
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calculation ot rcnlta (rom the raw data and/or an.l,s.a of these data 
for consistency using statistical methods or other means. The com- 
puter must be programmed to perform the desired calculations and 
pnnt out or feed the results to Borne suitable output device. 

In the above section we have seen that a flexible data-acquiai- 
^on system can collect and present data in many output forms 
The punched card, punched tape, and magnetic-tape forms are all 
suitable for use as inputs to a digital computer, provided that the 
systems use coding which is compatible edth the computer installa- 
tion. It is easy to see that a complete data-acquisition and process- 
ing installation might be organized something like the schematic 
shown in Fig 14-3. Such large-scale systems are used, of course, 
in many industrial and space applications. 


14-4 SUMMARY 

What are the advantages of a flexible data-acquisition system like 
the one described above? There are several 

/. The output of the acquisition system can be obtained in a form 
which is ready for immediate input to a digital computer. 

A large amount of data can be collected very quickly, thereby 
freeing personnel and instrumentation for other projects 
S. The multichannel system may be able to collect data for some 
particular transient proce«s which could not be obtained 
otherwise. 

4- Since the collection of data can be accomplished very rapidly 
with such systems, instrument transducers may enjoy more 
vaned use in a laboratory because they are used for a shorter 
period of time on each project 

S. The rapid collection of data coupled with rapid data processing 
by means of a computer can speed the overall expenmental 
program so that men, money, and machines are not wasted 
because of excessive waiting periods between data collection, 
processing, and analysis 

Offsetting these advantages are the high cost of the data- 
acquisition system and the absolute necessity that all measurements 
c made with electric transducers, e.g, we cannot use a simple 
manometer for a differential pressure measurement; some type of 
transducer must be employed 

The decision of whether or not to purchase a data-acquisition 
^stem is dearly dependent on the economics of the situation 
c author has no desire to belabor this point, but a statement 
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■n’hich has been made by many people in the past vents in regard 
to digital computers may also be applicable to data-acquisition 
sj'stems. The statement is 

You can never economically justily the cost of a digital computer 
br/c-rc you buy one. After you buy it you cannot get along vithouf it 
because j-ou find yourself solving problems you vere never able to 
solve before. 


Appendix 


table A-1 
Conversion factors 

Length 

12 in- = J ft 

2.54 cm » I in. 
in “ 10-^ = ]0-« cm 
^fas$ 

I kg - 2.205 Ih- 
1 dog - 32 16 lb. 

454 g « 1 !U. 

Force 

Idyne» 2248 X10^Ib/ 

I Ib/ » 4 448 newtons 
10* dynes - 1 newton 
Energy 

1 ft>lb/ = 1 356 joules 
I kwhr = 3413 Btu 
1 hp-hr = 2545 Btu 
I Btu 252 cal 
1 Btu = 778 fl-Ib, 

Pressure 

I atm = 14 696 Ib//in.* = 2,116 
1 atm = 1 0132 newtons/m* 

1 in. Hg = 70.73 lb,/ft» 

Vueonty 

1 centipoise = 2 42 lb«/hr-ft 
1 Ib/^/ft* = 32.16 lb./sec.ft 
Thermal conduetmty 

1 cal/Bec-cm-*C = 242 Btu/(hrlift)("Fi 
1 wstl/cm-'’C = 57 79 Btu/(Tir;(ft °F; 
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Table A-2 Properties of mefafs at 70T 


Mtlal 

Pensilu, 

IbJfC 

Specific heat C, 

Linear corf, 
of cjpansion, 
T"' X 10* 

fileetrical 
j rmdxietivity 

1 relative to 
copper 

Thermal 
conductivity hy 

B(u/{hr)m<.’’F) 

Aluminxtm, pure 

167 

0.22 

0.13 

0.66 

ns 

lied braes: S5% Cu, 
0% Sn, Gro 

5-M 

0.092 

0.10 


35 

Capper, pure 

555 

0.095 

0.09 

1.00 

223 

Iron, pure 

493 

OIOS 

0.065 

O.IS 

42 

Ijead 

710 

0.031 

0,16 

0 OS 

20 

.Vaffnesitin 

109 

0.242 

0.145 

0.40 

99 

KieM 

556 

0.106 

0.07 { 

0.25 

52 

Plaiinum 

1,335 

0.032 

0.05 

0 IS 

40 

Silver 

657 

0.056 

0.107 

1.16 

235 

Siaiulets elrel: 

ISCi Cr, STf A't 

4SS 

0.11 

0 003 

0.0234 

9.4 

Steel, flnirliiral 

4S5 

0 11 

0.07 

0.12 

33 

7'in 

456 

0 054 

0 11 

0.16 

37 

Tuuffslrri 

1,20S 

0 032 

0 02 

0.33 , 

94 

Zine. 

446 

0.092 

0 IS 

0.31 

37 


Table A-3 Thermal properties of some nonmetals at TOT 


Material 

Density, 

IbJjP 

Specific heal, 

Thennal 
eonductivity k, 

Btu/(hrmm 

Asbestos sheet 

60 

0.2 

0.0S3 

BrxeJ:, common 

110 

0.22 

0.042 

Concrete 

140 

0.16 

1,0 

Fiberboard 

15 

0.5 

0.027 

Fiberglass 

G 

0.5 

0.022 

Glass, irindoie 

160 

0.16 

0.50 

S507 fr 2 <i| 7 ncsi'a pipe covering 

15 

0.2 

0.042 

Plaster 

95 

0.25 

0.27 


Table A-'l Properties of some saturated liquids at G8°F 


Fluid 

Chemical 

formula 

Densitv, 

IbJfP 

Specific 
heat C, 
Btu/lb„-‘F 

[ iTincmalic 
viscosity r, 
fP/scc 

[ Thermal 

conduetirilu k, 
Blii/{hr){fl)CF) 

1 Prandil 
! No. Ft, 

CflS 

k 

Ammonia 

Ml, 

3S.2 

1.15 

0.3SG X 10-* 

0.301 

2.02 

Carbon diOTtdf 

CO, 

4S.0 

1.2 

0.9S X10-‘ 

0.0504 

4.10 

Frcon-12 

CCUF, 

S3.0 

0.231 

0.213 X 10-* 

0.042 

2.17 

Glyeerine 

C,H,(OH), 

7S.9 

0.57 

0.0127 

0.165 

12.5 

Mercury 

Motor oil 

Hg 

S47.7 

0.0,33 

0.123 X 10- ‘ 

5.02 

0.025 

(typical) 


55.0 

0.45 

0.010 

O.OS 

10,000 

TToter 

H.O 

62.4 

1.0 

l.OS X 10-V 

0.345 

7.02 


400 
























Aiip<nd(K 


Table A>5 Properties of gases at atmospheric pressure and 


Co* 1 

Chtmieal 
/omufa ' 

1 

Afo2<cutar 

1 

D 

Thermal | 

eonduetivity it, 

VueotUy, 

oeniipoUe 

Air 1 


38 95 

0 24 

1.40 

0 025 

0.018 

AettyUne 

C,Hi 

36 02 

0 3S 

1 1.25 

0.0124 

0 010 

A/tTumia 1 

NH, 

If 03 

0.52 

1.30 

0,0142 

0.010 

Carbon dtoxxdt \ 

COt 

. 44 00 

0 20 

1.30 

0 0095 

0 015 

fre»n-12 

CCl.Ft 

120 9 

0 15 

1 1.14 

0 0053 

0.013 

Bvdrofen 

H> 

2.01 

3 4 

1 1.40 

0 103 

0 0089 

Mtthane 

CH, 

16 03 

0.54 

1.30 

0 0196 

0 011 

Nitrogen 

N, 

1 28 02 

0 245 

1.40 

0.0150 

1 0 018 

Oiygtn 

0, 

32 00 

0 215 

1 40 

0 0153 

0 020 


Table A*6 Properties of dry air at atmospheric pressure 



■IS 

IBi 



r, f 

muam 





0 0319 1 

0 0104 

. 0 239 

0 739 


0 0358 

0 0118 

1 0 239 

0 729 


0 0394 

0 0131 

1 0 240 

0 718 


0 0427 

0 0143 

0 240 

0 712 

100 

0 0459 

0 0157 

1 0 240 

0 706 


0 0484 

0 0107 

0 241 

0 699 

200 

0 0519 

0 0181 

1 0 241 

0 693 


0 0547 

0 0192 

1 0 242 

0 690 


0 0574 

0 0203 

1 0 243 

0 686 

400 

0 0626 

0 0225 

0 245 

0 681 


Q 0675 

0 0246 

0 248 

0 680 


0 07ZI 

0 0265 

' 0 250 

0 680 


0 0765 

0 0284 

1 0 254 

0 682 


0 0806 

0 0303 

0 257 

0 684 


0 0846 

0 0320 

1 0 260 

0 687 

1000 

1 0 0884 

0 0337 

0 263 

0 690 


tFrom-A^afi Bur Sid {US.),Ctrc 564, 1955 
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Tabic A-7 Fropertles of water (saturated Hquid)t 


■T 


15„ 


, Blu 



IHii 

32 

1.009 

62,42 

4.33 

0.327 

13.35 

40 

I 003 

62.42 

3.75 

0.332 

11.35 

50 

1.002 

62. 3S 

3 17 

0.S3S 

9.40 

60 

1,000 

62.34 

2.71 

0.344 

7.SS 

70 

0 

62.27 

2,37 

0.349 

6.7S 

SO 

0,99S 

62.17 

2 OS 

O.Soo 

5, S3 

90 

0.P97 

62.11 

1.S5 

0.360 

5.12 

100 

0,997 

61.99 

1.65 

0.3G4 

4.53 

UO 

0.997 

61. S4 

1.49 

0.36S 

4.04 

120 

0.997 

61.73 

1.S6 

0.372 

3.64 

ISO 

o.m 

61.54 

1.24 

0.375 

3.30 

140 

0.99S 

61,39 

1.14 

0.37S 

3.01 

150 

0.999 

61.20 

1.04 

0.3S1 

2.73 

160 

1,000 

61.01 

0.97 

0.3S4 

2.53 

iro 

1,001 

60.79 

0.90 

0,3S6 

2.33 

ISO 

1.002 

60.57 

0.S4 

0.3S9 

2.16 

190 

1 003 

60.35 

0.79 

0.390 

2.03 

200 

1.004 

60.13 

0.74 

0.392 

1.90 

220 

1.007 

59.63 

0.65 

0.395 

1.66 

240 

1 010 

59.10 

0.59 

0.396 

1.51 

260 

1.015 

5S.51 

0.53 

0.396 

1.36 

2S0 

1.020 

57.94 

0,4S 

0.353 

1.24 

300 

1.026 

57.31 

0,45 

0.395 

1.17 

350 

1.044 

55.59 

0.3S 

0.391 

1.02 

400 

1.067 

53.65 

0,33 

0.SS4 

1.00 

450 

1.095 

51.55 

0.29 

0.373 

0.S5 

500 

1.130 

49.02 

0.26 

0 356 * 

0.S3 

550 

1.200 

45.92 

0.23 



600 

1.362 

42.57 

0.21 




t From A. I. BroRm and S. M. Marco, "Introduction to Heat Transfer," 3d ed., 
McGraw-Hii! Book Company, New York, I95S. 


Appendix 


Table A-8 Diffusion 
coefficients of some 
Sases and vapors In 
air at 2S*Candlatmf 


Subslanu 


D.~ 


Atnnwit^ 

Bentem 

Oerhen titoxxde 

Hj/drogen 

Methanol 

Jl'ater 


0 29 
0 0S3 

0 m 

0 410 
D.1S9 
0.256 

fI>om R II, Perry (ej 
'•Cliemical Engmefjx’ Hsnd- 
book," 3d ed , McCrsn.HiJJ 
Book Company, New York, 
1050 


Table A-S Approximate total nomal 
emissivities of various surfaces at TOT 


Suffaee Emunnty 

Aluminum, heaetlfpjtdited 0 2(W) 30 

Alumtnum, polMed 0 09 

Atbetloe $hetl 0 93-0 96 

Brasi, foliehed 0 06 

Bnek 0 93 

Carbon, bmpUaek 0 96 

Copper, heanlg ozidiied 0 7S 

Copper, poluhed 0 03 

Enamel, ttbile fiaed on t'on 0 90 

Iron, otidiied 0 74 

Patnl, alioninBRi 0 27-0 67 

Paint, fiat black laejuer 0 97 

Steel, poluhed 0 07 

Steel plate, roufh 0 93 

Tin, bright 0 06 

0 95 
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Absolute performance, 26 
Accuracy, general discussion, 8 
Adams, P. H., 338, 358 
Air, properties of, 401 
Alpha particle detection, 368 
Alphatron vacuum gage, 172 
Alternating current, high-frequency 
measurement, 81 
measurement, 79 
nns value, 8I 
Amplification ratio, 100 . 

Amplitude response, definition, 20 
Analog-to-digital converter in data 
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Gaussian distribution, 46-63 
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probability distribution, 47 
standard deviation, 65-67 
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148 

numerical methods, 149 
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Boron used for neutron detection, 372 
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s-c. 92-93 
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Maxwell, 93 
Owen, 92 
resonance, 93 
Wheatstone, 90 
Wien, 92 

Bndgman, P. W , 176 
Bndgman gage, 166 
Brown, A I., 402 
Buck, N. L., 358 
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Csdr, vr. G., J24, J34 
Calibration, genera! discufaion, S 
Calorimetrj’, 297-302 
Cantilever beam, as force transducer, 316 
vibrating, 340 

Capacitance pressure gage, 164 
Capacitive transducer, 121 
Cathode-ray oscilloscope, 105 
Celsius temperature scale, 230 
Centigrade tempcratuTc scale, 230 
Chauvenet’s criterion, 53 
Chi-square test, 55-61 
Cigars as smoke generators, 215 
Cole, R. H., no 
C-ommonsense analysis, 36 
Condon, E. U., 33S 
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measurement, 259 
Consistency, importance, 34 
Constant, F. V,'., 12, 31 
Constant-pressure sound field, 355 
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Control, relation to measurement pro- 
cess, 3 

Control systems, summarj-, 3S9 
Convection heat-transfer formulas, 
summary, 265 
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r-cction, 303 
free conwetion, 304 
Conversion factors, 399 
Corrugated-disk diaphragm, 163 
Counting rate, 374 
Counting statistics, 373 
Credo, C. M., 33S, 35S 
Current measurement, a-e, 79 
d-c, 75-78 
high-frequency, SI 
Current-sensitive input circuit, 84 
Curlh, O. E., 222, 228 
Curve fitting, 67 
Cycling in control systems, 384 

D'Arsonval movement, 77 
Data acquisition, genera! system, 394 
advantages of, 397 
Data collection, 26, 394 


Dead time, 3S2 
Dead-weight tester, 159 
Dead zone, 3S2 
Dean, M., 338 
Dean, R. C., 228 
Decibels, related to gain, 100 
sound wave, 352 
Deformation sensitivity, 323 
Delay, definition, 20 
Density related to interferometer, 214 
Deviation, definition, 40 
standard, 41 
Dial indicators, 137 
Diaphragms, corrugated-disk, 163 
deflection characteristics, 163 
natural frequency, 165 
pressure gage, 162 

Differentia! transformer, principles, 118 
used with pressure measurements, 164 
Diffusion coefficient, definition, 293 
measurement, 294 
tabulated values, 403 
Dimensional measurements, definition, 
135 

optical methods, 139 
Discharge coefficient, definition, 181 
(See also Flowmeters) 

Displacement measurement, capacitive 
transducer, 121 
definition, 135 
ionization transducer, 127 
L\T)T, 118 
pneumatic gage, 141 
resistance transducer, 118 
Distortion related to frequency and 
phase-shift response, 22 
Doebelin, E. 0., 391 
Doolittle, J. S., 302, 309 
Dove, R. C., 338, 35S 
Drag flowmeters, 197 
Drate, R. M., 277 
Dresslea, R. F., 176 
Dunkle, B. V., 365, 380 
Durelli, A. J., 324, 338 
Dushman, S., 167, 176 
Djmamic error, 382 
Djmamometer, 321 
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Eckert, E. R. G., 277 
Elastic elements as force Iraasducers, 316 
Eectrical filters (see Filters, electrical) 
Electrical resistance, variation with 
temperature, 236 

Electrical-rcsistance strain gage, 325 
bridge circuits, 329 
factor, 326 
installation, 32S 
materials, 327 
problems, 328 

temperature compensation, 330 
Electncal-resistanee thermometer, 235 
correction of lead resistance, 236 
Electrical standards, 10 
Etectrodjuamometer movement, 60 
Electronic counter, 113 
Electromc switch, 107 
Emerson, W B., 152 
Emisamty, definition, 253 
oeaaurement, 365 
spectral, 366 
Ubulated values, 403 
Errors, conduction, 259 
in eontrols, 382 
dynamic, 382 
fixed, 35 
xadiatiOD, 262 
random, 35 

related to uncertainty, 35 
systematic, 35 
Erwin. J. R., 228 
Eshbach, 0. N , 12, 31 
S. G., 233, ill 
E''«ia, J. C., U3, 152 
Expansion factor, charU, 190 
definition, I83 

Experiment planning, general discussion, 
25*28 

Experimentation, relation to theoretical 
work, 2 


temperature scale, 230 
ack in general measurement sys- 
tem, 14 

E'ck’s law, 293 


IRters, electrical, basic dbcussion, 98 
design formulas, 99 
passive networks, 101 
Kted errors, 35 
floating control, 3S4 
flow calorimeter, 298 
flow measurement (see Flowmeters) 
flow visualization, basic optical effect, 
205 

hydrogen'bubble method, 206 
interferometer, 211-214 
schlieren, 203-210 
shadowgraph, 206-20S 
smoke method, 215 
Flowmeters, drag, 197 
flow nozzle, 185 
lobed-impeller, 179 
magnetic, 203 
QuUting^isk, 178 
obstruction, 180 
onflee, 134, 189 
positive-displacement, 178 
rotameter, 198 
rotary-vane, 170 
tonic-Bozzle, 195 
summary, 222 
turbine, 200 
uncertainty in, 193 
venturi, 183 

Fluid-expansion thermometer, 234 
Frank, E., 79, 81, 134 
Frequency, relation to probability, 42 
Frequency measurement, electronic 
counter, 114 
osciOoscope, 109 

Frequency response, definition, 17 
Fnnges for interferometer, 213 
Fntxe. J. R , 233, 277 
Fuson, N , 3S0 


Gage blocks, 133 
Gage factor, 326 
0am, 100 

Galvanometer, principles, 77 
tabulation, 78 
as used m bridge circuits 95 
Gamma rays, detection, 368 
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Gases, properties of, 401 
Gaussian distribution, 45-53 
values of, 49, 50 
Geiger-Mullcr counter, 353 
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Gier, J. T., 365, 366, 330 
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Green, C- B., 277 
Gross, E. E., 35S 
Guarded hot-plate apparatus, 281 


Hackforib, H. L., 277, 559, 350, 3S0 
Hall, H. T.. 176 
Hall cocflieients, 131 
Hall-eifect transducers, 130 
Harris, C. M., 33S, 333 
Harrison, H. L.. 391 
Heisc gspc, 161 

Hclrnboltr earity . resonant frequency, 156 

Hetcnjd, M., 165, 176, 333, 353 

Higgins. W. F., 235, 309 

High-low control, 334 

High-speed temperature probe, 270 

Hildebrand, F. B., 149, 152 

Hc-dges, H. D., 223 

Holman, J. P., 27S 

Hot-wire probe, 202 

Howe, IV. H., 176 

Hyde, IV. L., 3S0 

Hj-stcrcsis, 7 


Iberall, A. S., 176 
Idr-n! gas flow, IS2 
Illumination measurement, 125, 126 
Impedance matching, general discussion, 
23 

Ineomp.-cssible fluid, flow, ISO 


Inde.\ of refraction, 206 
Input circuitrj-, S4-SS 
Intensity of sound wave, 352 
Interference principle, 139 
Interferometer, density related to, 214 
for dimensional measurements, 140 
as flow-*.dsua!i:ation de'.dce, 211-214 
International Temperature Scale, 11 
Ionization chambers, 370 
Ionization displacement transducer, 127 
Ionization vacuum gage, 171 
Iron-vane instrument, 79 


Jackson, T. W., 223 
Jakob, M., 309 
Junker’s calorimeter, 29S 


Kallen, H. P., 391 
Kaplan, I., 367, 330 
Kaye, G. W. C., 2S5, 309 
Kelvin temperature scale, 230 
Keyes, F. G., 2S5, 309 
Kiel probe, 21S 
King. L. V., 227 
IGine, S. J., 37, 74, 206, 228 
Knud^en gage, 170 
Kovasznay, L. S. G., 203, 227 
Krause, L. X., 227 ■ 


Ladenburg. R. W., 228 
Lafferfy, J. M., 167, 176 
Lag, 3S1 

Landes, L. G., 22S 
Laurence, J, C., 228 
Least count, 7 

Least squares, method of, 61-64 
Leidenfrost, W., 287, 309 
Length standards, 9 
Liepmann, H. IV., 228 
Linear variable difTerenfis! transformer, 
119 

characteristics of, 120 
Linearity, definition, 18 
Lion, K. S., 125, 128, 134, 244, 27S 



liqmd-m-glws thermometer, 231 
Uquid level measurement, 122 
U'juida, properties of, 400 
Uaajous diagrams, lOS 
lesner, H. R., 33S 
Uo)d, E. C., 176 
loading error, 86 
Icbed-impeller flowmeter, 179 
loschmidl apparatus, 295 


McAdams, W. H , 278 
McClmtock, F. A , 37, 74 
McLeod gage, 167 

Magnetic field measurements, Hall effect. 
130 

search coil, 128 
Magnetic flowmeters, 2Q3 
Magnetometer search coil, 128 
ManoaeUrs, 157 
Marco, 8 M , 402 
Mmcus, N , 3S0. 384 
M«8 balance, 312 
Mass standards, 0 
Mean free path, I55 
Mean molecular velocity, 154 
Mean solar day, 10 

Measutemenl syaUm, dynamic, 15-20 
generalised, 13-15 
response. 20-22 
Metals, properties of, 400 
Micfometer calipers, 137 
iwophones, characteristics of, 353 

M‘««e.C.C.222,22S 

Moments of meriia, 404 
Mood, A. M., 74 
Multisample data, 34 


cavity, 156 


formulas, 143 
400 

Lraussian distri- 


Natural frequency > 
(See olsa Seismic 

”«“oert, n. K p 

NOIW, 353 
S”"”'**!*, proper 
mo, ,rr, 
Dulion) 


Notsle, sonic, 105 
Nottle flowmeter, 183, 185, 187 
Nuclear radiation measurement, 3()S'378 
Numerical integration, plane arras, 148 
surface areas, 149 
Nutatmg-disk meter, 178 


Obert, E. P., 12, 31, 229, 278 
Obstruction flowmeter, ISO 
Offset iu control systems, 385 
On-off control, 3S3 
Optical pyrometer, 255 
Orifice flowmeter, Ifrl, 189 
Oscillograph, 110 
Oscilloscope, 105 
dual-beam, 107 
measurement, frequency, 108 
phase-shift, 108 

us^ with electronic iwitch, 107 


Pearson, G.L, 277 

Performance testing diMingui«h«l from 
research, 4 
Perry, C. C , 338 
Perry, R, 11., 403 
Peters, C 0 . 152 
Pbavsehifl, definition, 17 
mea-surement, electronic enunier, Ul 
oscilloscope, 108 
m scumic instrument, 313 
Phillips, E A , 338 
Pholoconduclive tranvlur^r, 126 
Photoelectric traruducer. 126 
Photographic methods for nuricar ridj. 

alion deUction, 371 
Photovoltaic cells, 126 
Pi*ioef«lnc con.*tar(tis, 12i 
Pieioelectnc transduceri. 123 
Pirani gage, 169 

Pitot tube, 218 

2“ fcr rneral 2.., 31, 

du'tnb'jUr.'O, 262 
PUnimeter, poUr, U4 U', 

*^o circle of, \ \f, 
roller. Me, 
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Poisson distribution, definition, 46 
standard desdation, 374 
used n-itb nuclear radiation, 373 
Poisson’s ratio, 323 
Positive-displacement meter, 178 
Potentiometer, with battery standardi- 
zation, SS 
simple, 87 

Power measurement, 320 
Precision, 8 
Pressure, absolute, 153 
gage, 153 
units, 154 

Pressure gage, djuiaraic response, 15G 
Pressure measurements, bellows gage, 
162-1C4 

bourdon gage, 161 
diaphragm gage, 162 
djTiamic response, 155-157 
for high pressures, ICG 
for low pressures, 167 
manometer, 157 

Pressure probes, basic relations, 210 
cficet of yaw angle, 217 
Mach number effects, 220 
Price, W. .T., 359, 367, 370, 372, 3S0 
Probability, definition, 42 
relation to frequency, 42 
rules for calculating, 43 
Probability distributions, binomial, 45 
definition, 44 
Gaussian, 46 
Poisson, 46 

Programming in data acquisition, 395 
Prony brake, 320 
Proportional band, 3S5 
Proportional control, 3S4 
Proving ring, 319 

Pulse counters in nuclear measurements, 
369 

Purdy, K. R., 22S 


Qiiartr-erj-stal thermometer, 250 


Radiation error in temperature measure- 
ment, 262 


Radiation shield in temperature meas- 
urements, 263 

Radiometer, with thermistor, 362 
with thermopile, 361 
Random errors, 35 
Rankine temperature scale, 230 
Rate action in control systems, 3S7 
Rate time in control systems, 3S7 
Ratio arms in bridge circuits, 91 
Raylc, R. E., 196, 228 
Readability, 7 
Recovery factor. 270 
Recovery temperature, 270 
Rcdheficr. R. M., 152 
Reed, R. H., 228 
Refractive index, 206 
Regulation, 3S3 
Relative performance, 26 
Report writing, 29 

Research distinguished from performance 
testing, 4 
Reset action, 3S5 
Resistance thermometer, 235 
Resistance transducer, 118 
Rc.tmolds number for flowmeters, 190 
Rise time, definition, 20 
Roark, R. J., 163, 176 
Rosettes for strain gages, 332 
Roshko, A.. 22S 
Rossini, F. D., 229, 27S 
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